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Abstract 
 
Acetone-Butanol-Ethanol (ABE) fermentation started to become popular in the early 20th century but 
with the start of the petrochemical industry it almost disappeared, since this new route provided larger 
quantities of butanol for less cost and also less consumption of energy. Nowadays, the increase in the 
price of petroleum is putting the main spot of interest in this route. 
The typical purification of acetone, butanol and ethanol in the downstream processing is carried out 
with distillation columns. The main problem is the high energy demand of the distillation columns. 
Literature provides relevant information about distillation sequences based on boiling point and 
ending with an azeotropic distillation. This one consists of two columns connected through a decanter 
and it is useful, because of the miscibility gap that can be found in the liquid-liquid equilibria of butanol 
and water. Recently, alternative methods of separation of solvents applied directly in the fermenter 
are being widely studied, called In-Situ Product Recovery (ISPR) techniques. These ones are, for 
instance, gas stripping, adsorption, liquid-liquid extraction and pervaporation and they are promising 
techniques for reducing the energy demand of the process. 
In this thesis, some downstream processes based on rectification found in literature are simulated to 
calculate the overall energy demand that they require and for comparing different features among 
them. For making the comparison most reliable, there are some settings and targets fixed that every 
sequence need to achieve, such as feed composition, product purities and product recoveries. In the 
models is performed also a heat integration. The goal is to improve the overall energy demand of the 
downstream processing of ABE fermentation and this is estimated with the use of simulations. 
The final rectification models obtained relevant results among all the existing ones in literature of 
11,41 MJ/kg with the traditional fermenter composition of solvents and 7,11 MJ/kg for compositions 
using ISPR techniques, both of them expressed in terms of heating demand. 
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1. Introduction 
 
Acetone-Butanol-Ethanol (ABE) fermentation is a process, which converts carbohydrates to acetone, 
butanol and ethanol at anaerobic conditions. In the industry, this process started to become popular 
in the early 20th century, but with the start of the petrochemical industry it almost disappeared, since 
this new route provided larger quantities of butanol for less cost and also less consumption of energy. 
Nowadays, the increase in the price of petroleum and its future extinction is putting the main spot of 
interest in this route and a lot of research is being done to get it economically viable. 
The end of petroleum reserves is important not only for the use of it as a main substrate, but also for 
the production of butanol in ABE fermentation to be used as a biofuel, a possible substitute of gasoline. 
Biofuels are products used as sources of energy that have been extracted from plants and crops, as 
well as some oils or animals’ fats. They present some advantages compared to fossil fuels, mainly 
reducing the damage to the environment. Butanol has good characteristics compared to oil and also 
compared to other biofuels (like ethanol, currently the most used biofuel): energy content similar to 
gasoline (butanol has 35,1 MJ/kg and gasoline 37,6 MJ/kg), low miscibility with water, low 
corrosiveness, high octane number and high flashing point [32]. 
The challenges that ABE fermentation presents and need to be solved are high cost of feeding, 
inhibition of bacteria used in the fermentation and high energy demands in downstream. The solutions 
offered are the use of genetic modification techniques for making microorganisms more resistant, use 
of wastes and residues from agriculture as substrates and use of In-Situ Product Recovery (ISPR) 
techniques. Especially, this last point is one of the most investigated topics in literature, since it can 
both increase the production of solvents by avoiding inhibition and also reduce energy demand. An 
ISPR technique consists on an alternative method of separation that is applied directly in the 
fermenter. Some examples are adsorption, gas stripping, liquid-liquid extraction or pervaporation. 
In literature, ABE fermentation downstream simulations propose different feasible sequences to try to 
recover the maximum of products of interest with the minimum energy demands. The problems that 
simulation of ABE mixtures downstream processing presents are the strongly no-ideal behaviour of the 
liquid components, the heterogeneous azeotrope of butanol and water and the homogeneous 
azeotrope of ethanol and water. In particular, azeotropes make the separation through distillation 
more difficult to achieve. Among all the information found, there are some patterns of distillation 
sequences that are repeated in papers from different authors. In them, one of the most important and 
more extensive group is the sequence based on boiling point. In this case, there is a total of five 
columns, removing first the most abundant component (water), later acetone and ethanol and finally 
an azeotropic distillation purifies butanol. This consists of two columns connected through a decanter, 
where the miscibility gap between butanol and water forms an organic phase and an aqueous phase. 
In this thesis, some models are studied and simulated, for trying to achieve feasible sequences for the 
downstream of ABE mixtures. Later, a heat integration is performed for reducing the energy demands. 
The simulations are an approximation to the results that can be later implemented in a real industry. 
The studied models are taken from papers of Chen et. al., 2018 [48], van Hecke et. al., 2016 [51] and 
Wukovits et. al., 2018 [30]. All of them belong to the distillation group described before (based on 
boiling point) and are selected because they propose interesting points for overcoming the problems 
of ABE fermentation downstream. Chen et. al., 2018 introduces a recycle from the azeotropic columns 
to the ethanol column, which has a positive impact on the process by increasing its controllability. Van 
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Hecke et. al., 2016 explores the result of mixing a feed stream coming directly from the fermenter and 
another coming from an ISPR technique, and studying how the energy demand is affected. Wukovits 
et. al., 2018 compares the effect of different ISPR techniques (adsorption, gas stripping and 
pervaporation) and also a standalone distillation, performing a sensitivity analysis of the butanol 
concentration in the feed. 
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2. Theoretical background 
 
The theoretical part of the thesis provides information from different relevant points. The first part is 
focused on fossil fuels, because the priority of ABE fermentation is, in most cases, the production of 
butanol. Some background through history is useful to understand the current situation of fossils fuels 
as well as the economic development they have had. There is a detailed point about the global 
warming and climate change, because they are directly related to the use of fossil fuels and the 
necessity of searching for renewable sources of energy. 
Next section is about biofuels, defining what they are, their current situation, a classification between 
all the different types depending on the substrate and also some specific examples of the most used 
ones, making a comparison between them and highlighting butanol as one of the most promising 
candidates. 
The last part is mainly focused on providing information about the ABE fermentation process. 
Explaining some of the processes and details involved in the ABE fermentation, in order to know better 
how this works together with the historical discovery and development of it. Also, important facts, 
drawbacks and improvements being investigated. Since the products of interest of this process are 
acetone, butanol and ethanol, there is also a summarized view about the economic importance and 
world consumption of these ones. 
 
2.1. Fossil fuels 
 
2.1.1. History 
 
First of all, a little bit of background about the traditional fuels across history is necessary in order to 
understand the current situation in the fuels field. 
During a long period in the past, coal has been the source for getting energy. It started to extend 
especially around the Industrial Revolution, when it played a key role for the steam machine. In the 
20th century, the situation changed extremely. Coal passed from representing a 96% of the fossil fuels 
in 1900 to a low 30% in the end of the century. There were two other important sources of energy 
taking off: oil and natural gas. Nowadays, crude oil was the main product used in fossil fuels (39%) 
followed by coal (33%) and natural gas (28%). Fig. 1 shows the evolution of fossil fuels. The y-axis shows 
the energy provided in TWh [1]. 
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Fig. 1. Global fossil fuels consumption through decades measured in TWh [1] 
 
In Europe, the price of oil during the last fifteen years has been varying significantly. In Fig. 2 this 
evolution is reflected. Since 2005, it has increased until 2009, when there was an important decrease. 
From this point, it increased to a maximum price in 2012. Currently, it is found in a high price compared 
to the most recent values. 
 
 
Fig. 2. Evolution of gasoil prices in Europe [2] 
 
Nowadays, oil is widely used as a source to produce energy. The petroleum reserves in the year 2015 
across all the world are mainly located in the United States, Canada, Russia or Saudi Arabia, for 
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instance. Fig. 3 shows the distribution of oil on Earth. This is an important economic advantage for 
these countries, because the oil market is one of the biggest in the world and a disadvantage for the 
countries with low petroleum reserves, because they depend exclusively from importations to satisfy 
the fuel market. As it is logical, these last countries would be the most benefited from the use of 
alternative ways of energy replacing the uses offered by oil [1]. 
 
 
Fig. 3. Location of oil reserves in 2015 [1] 
 
2.1.2. Actual panorama and future prediction 
 
After the description of the past of the fuels, this section evaluates the current and future situation for 
this source of energy. Petroleum reserves are, as it is logical, a finite resource. So, it is not a mystery 
one day we will run out of petroleum. A lot of studies, theories and hypothesis have been done during 
the modern era to estimate when oil will end. 
One of the most famous predictions of the levels of oil across the time is the Hubbert’s peak theory. 
M. King Hubbert proposed in 1956 a theory to describe the evolution of fossil fuel production in a 
certain region. Fossil fuel production in a certain region follows a bell-shaped curve, with an increasing 
production in the beginning, when the resource is discovered, achieving a peak and finally decreasing 
when the resource starts to finish. This prediction was accurate for locating the peak oil in 1970 in the 
United States. It was an important achievement, since it is important to keep in mind the time when 
Hubbert predicted the peak was 15 years ago and the petroleum extraction was on a high rate. 
Although, this peak was 17% higher than predicted and the decreasing part did not follow the bell 
shape [1]. 
Some analysts have tried to apply this theory not only in a certain region but worldwide, to answer the 
following question: when will we run out of fossil fuels? In 1979 there was an oil crisis [3] and Hubbert 
said in the year 2000 the production will start to decrease significantly. However, after this year the 
production of oil is still increasing. The main problem in constructing this particular curve is that 
technology evolves and new methods of extraction allow to increase the production. So, it is very 
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difficult to predict at one point of time what will happen in the following years with no certain of which 
new methods will appear [4]. 
 
 
Fig. 4. Hubbert peak prediction compared to the real production in the United States [4] 
 
A different estimation can be done by following the reserves-to-production ratio for oil. This means 
basically dividing the current amount of existing petroleum by the current rate of production. By 
making this calculation, the year when approximately we will run out of oil is about 2065. This is a very 
simple estimation, since it only takes on account a momentaneous situation with no consideration of 
possible changes in the future [4]. 
In conclusion, a lot of research and studies have been done, for trying to predict the depletion of oil 
reserves. The results found and concluded from more than 500 studies are presented in the following 
lines [5]: 
• Even if there is an important lack of data, it is possible to estimate when the global oil depletion 
is going to happen. 
 
• The rate of oil production is decreasing and more than two thirds of the existing extracting 
capacity may disappear. Otherwise, there will be a falling of production. 
 
• While large resources of oil are accessible the peak of production will still be far. 
 
• There are high probabilities that the peak in oil production appears before 2030. 
 
2.1.3. Repercussion to the environment 
 
Apart from the evolution of the total amount of oil available on Earth and the importance that it has, 
it is also important to consider the effects that it has caused already to the planet and also that it will 
cause in the future.  
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The extended use of fossil fuels is commonly known to produce a negative effect in the environment. 
One of the most concerning processes taking place in our era it is the global warming, which consists 
on the increase of the average temperature on Earth and results as a consequence of greenhouse 
emissions [6]. These gases which are water vapour, carbon dioxide, methane, nitrous oxide and ozone 
are the responsible of the natural temperature in Earth. Without its effect, temperature in Earth would 
be so low that life could not be possible. So, if the composition and quantity is altered, the temperature 
is also altered. Environment is now in a critical point, since the levels of carbon dioxide, methane and 
nitrous oxide are the highest over the past 800.000 years [7]. The extended use of fossil fuels among 
modern and industrialized societies plays a key role in this process. They emit nitrogen oxides, carbonic 
monoxide and carbonic dioxide, highly harming the natural air composition [8]. 
Global warming affects directly to climate change, which means the change in natural environment 
conditions due to human activity. The consequences of climate change are the shrink of glaciers, the 
early break of ice in lakes and rivers, the increase of sea level, more intense heat waves, lengthening 
of frost-free and growing season in agriculture, loss of biodiversity and the premature flowering of 
trees and flowers, among other facts. So, they represent a very serious treat for the human being in a 
large time period [6]. 
These reported facts are resulting in a worldwide increase of the environment protection. To prevent 
and to revert this process, some institutions and measures are being created. One of the main 
important institutions working in the climate change is the Intergovernmental Panel on Climate 
Change (IPCC). It was created in 1988 with the aim of creating evaluations from a scientific, technical 
and socioeconomic point of view about the climate change, its causes, feasible repercussions and 
solutions [9]. 
Chronologically, they have made five complete studies evaluating the state of the climate change. 
Now, they are working on the sixth part. The current goal is to keep the global warming below 2ºC. 
Today, the average temperature has risen since the 19th century, as it can be seen in Fig. 5. If no 
measures are adopted, the average temperature on Earth will continue increasing in the near future 
[10]. 
 
 
Fig. 5. Global average temperature anomaly on Earth in the last 170 years [11] 
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Another main measure adopted was the Kyoto protocol in 1997 [12]. It is an international treat to 
prevent and reduce the emissions of greenhouse gases: carbonic dioxide, methane, nitrous oxide, 
hydrofluorocarbons, perfluorocarbons and sulphur hexafluoride. In the first commitment, 37 countries 
agreed to reduce the greenhouse emissions a 5% on average (every country had different targets due 
to their characteristics). There was a second commitment of the Kyoto Protocol in 2012 in Doha, Qatar. 
In this one, the participating parts agreed to cut down the levels of greenhouse emissions by an 18% 
percent of the existing levels in 1990. This change needed to be implemented in the following period 
of 2013 to 2020 [13]. In Fig. 6 there is an evolution of the total greenhouse emission from 1990 in 
Europe. The total amount is expressed in terms of million tonnes CO2 equivalent. This unit measures 
the increase in radiation levels caused by a certain amount of greenhouse gas, comparing to the total 
amount needed of CO2 for causing the same increase. In the most recent years, there is a significant 
decrease in the total greenhouse emissions of the largest source, energy industries. This shows the 
importance of international treats such as the Kyoto protocol. 
 
 
Fig. 6. Greenhouse gas emissions in Europe [2] 
 
In 2017, the European Commission accepted draft laws for cutting the CO2 emissions. The goal is to 
cut down these emissions a 30% between the following period from 2021 to 2030 [14]. 
In conclusion, governments are starting to react especially during the past decade. The measures 
adopted are a good first step to improve the environment quality and to reverse the damage on Earth. 
However, it is important to continue this process and finally end pollution to air and all the related 
damages.  
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2.2. Biofuels 
 
2.2.1. Definition and advantages 
 
One of the offered solutions for replacing fossil fuels, as well as reducing the global warming and 
climate change is the use of alternative sources of energy. There is where biofuels play an important 
role, because they present advantages compared to traditional fuels. 
In a very simpler way, biofuels can be defined as products used as sources of energy that have been 
extracted from plants and crops, as well as some oils or animals’ fats [15]. They are distinguished of 
fossil fuels because these second ones come from the remains of plants and animals that have been 
decomposed under the ground during millions of years [16]. With the pass of centuries, sand and soil 
covered this remains, which is why today petroleum has to be extracted from several layers 
underneath the ground [17]. 
Nowadays, oil prices are continuously growing and the environment is getting highly damaged for the 
use of petrol, as it is discussed in the previous section. This issue has incentivized the research in 
alternative biofuels. In Fig. 7, the diagram represents the fuel consumption in Europe since 1990 to 
2016. This is expressed in terms of kiloton of oil equivalent, the amount of oil necessary to produce 
the same amount of energy. It can be seen the indisputable leading of gas and diesel oil, followed by 
motor gasoline. Biodiesel and biogasoline have experimented a slightly increase compared to gas and 
diesel oil. 
 
 
Fig. 7. Fuel consumption in Europe dived by types of fuels [2] 
 
Some of the advantages of biofuels compared to the current common oil are [15]: 
• The cost of their production is not significantly different from the oil one. This leads to a similar 
price between oil and biofuels. Although, during the process, the second ones produce less 
emissions. In addition, one particular biofuel (butanol) can run in the current engines thought 
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for gasoline with no modifications needed, it can keep the engine running for longer and it is 
less damaged. 
 
• They are made from renewable sources like manure, waste from crops and plants that will not 
end in the future, not like the reservoirs of crude oil which have only a few decades until they 
run out. 
 
• They represent an economic advantage for countries without petroleum reservoirs. By having 
a well-developed system of production of biofuel, they will not be longer dependent of 
importations, since the raw materials for the production can be planted in almost all of the 
countries. 
 
• Biofuels can reduce greenhouse emissions to a 65% [15]. This is directly related to the increase 
of the average temperature on Earth. 
 
• The quantity of carbon dioxide released to the atmosphere for the burning of alternative fuels 
is lower. Moreover, it can be eliminated carbon through the plants that later will be used as a 
source. 
 
Apart from these advantages, there are some drawbacks need to be commented [15, 16]: 
• The use of biofuels is not a hundred percent eco-friendly, since we have to keep in mind that 
they are still a kind of fuel and they can provide surface contamination, increase the sulphur 
and atmospheric concentration and emit greenhouse gases that contributes to the global 
warming. 
 
• The total energy to feed and to grow the plants is very large. It is so large that there is debate 
if the energy obtained later from biofuels is higher than the total invested for getting the 
substrate. 
 
• It is common to use coal or fossil fuels as a source of energy to grow them, losing the ecologic 
main point of interest of the whole process.  
 
• The use given to the substrate might cause controversy. Some groups think that it is better to 
use this kind of plants as food, not as biofuels. One possible way to solve this could be the use 
of wastes. 
 
2.2.2. Classification and types 
 
Even if all the biofuels have the same advantages and similar characteristics, it can be made a 
classification according to their source. Depending on the origin of biofuels, there are 3 known types 
[18]: 
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• First-generation: they are made from sugar, starch, vegetables oil or animal fats. The most 
common ones are ethanol obtained from grains high in sugar or starch fermented and 
biodiesel from pressed seeds into vegetable oil. Other types are bioalcohols or biogas. 
 
• Second-generation: produced from non-food crops, like cellulosic biofuels and waste biomass. 
In these groups it is found vegetable oils, biodiesel, bioalcohols, biogas, solid biofuels and 
syngas. 
 
• Third-generation: these ones have a different origin. In this case, they are concretely made 
from the oil coming from algae. Its production is supposed to be one of the most economically 
feasible options, since the energy provided from the culture of algae is approximately 30 times 
higher than for the first-generation biofuels per unit of area. 
 
The main known biofuels are ethanol, biodiesel, butanol and biogas. Some characteristics of them are 
presented [16, 18, 19]: 
• Ethanol is an alcohol mainly produced from the fermentation of plants such as sugarcane, corn, 
molasses and wheat. It is the first most common biofuel worldwide. Nowadays, we can find 
that it is common to blend gasoline with ethanol in low proportions. For instance, a high part 
of the fuels in the United States are blended with ethanol and in Brazil it can be found cars 
running with pure ethanol, since there the conversion of sugarcane into ethanol is more 
popular. 
 
• Biodiesel is the second biofuel most common across the world. This one has, apart from the 
vegetable origin, a possible animal origin, since some animals’ fats can be used as a feed of the 
process to obtain it (first-generation). Even more, since it can be obtained from fats, other 
possible origin can be oils used for cooking. In this way, not only is eliminated the polluting oil, 
but it is also generated a biofuel. Another positive point is that the amount of gases released 
in this case is lower and it can be used to run machinery in factories and farms. 
 
• Butanol holds the maximum potential to be widely implemented as the main fuel in the future. 
Its main origin is from the production in fermentation carried out from bacteria and algae [18]. 
It can be used in engines designed exclusively for gasoline with no modification needed, so this 
will represent a comfortable way for introducing it into the market. This is one of the 
advantages compared to ethanol, this second one tends to damage the car engine when a 
continued and large used is done, because of its higher corrosivity. 
 
• Biogas is the gas produced during the fermentation of organic matter in anaerobic conditions, 
this means, without the presence of oxygen. In this case, the use of wastes is easier to 
implement, since the production of gas is not affected of the state of the substrate and the 
bacteria does not make a distinction of its quality. Biogas burns very easily so it can be used in 
combustion to get energy. 
 
 
 
 
12 
 
  Diesel 
Rapeseed 
Oil 
Methanol Ethanol Butanol 
Cetane number 40-55 50 3 8 12 
Density (g/ml) 0,86 0,92 0,8 0,79 0,81 
Auto-ignition temperature (ºC) 200-220 >300 470 434 385 
Lower heating value (MJ/kg) 42,5 37,6 19,9 26,8 35,1 
Boiling point (ºC) 180-230 >350 64,5 78,4 117 
Saturation temperature (ºC) - <0,1 20 20 20 
Saturation pressure (kPa) - - 11,83 5,93 0,6 
Table 1. Properties of the most known fuels [20] 
 
Table 1 provides a quick analysis and a summary of the main properties of different kind of fuels and 
biofuels. Cetane number is an indicator of the combustion speed and also the needed compression for 
ignition. Auto-ignition temperature supposes a good indicator, as it is lower, the fuel is safer. The 
heating value is one of the most important properties, since this represents the energy provided per 
unit of mass. 
Among all these possibilities, butanol presents a lot of advantages to be used as a biofuel compared 
to the current most used one, ethanol [20]: 
• Higher energy content (35,1 MJ/kg) which is closer to the gasoline one (37,6 MJ/kg). The other 
candidate, ethanol, is significantly far from this one (26,8 MJ/kg). 
 
• Lower miscibility with water supposes a great advantage because if the biofuel is blended with 
oil, which is a very probable situation instead of feeding the engine exclusively with butanol, it 
is less probable the formation of two phases. This happens easier when using ethanol, leading 
to bad combustions. 
 
• Less corrosiveness which damages less the engine. The harm done by butanol to engines is 
almost negligible. This is one of the main problems of ethanol, since its effect on the engine is 
negative. 
 
• Higher octane number. This is defined as the compression that a fuel can stand before ignition 
and it is directly related with the efficiency of the fuel. 
 
• Higher flashing point. This is the minimum value of temperature of a volatile material when its 
vapour will ignite. It is logical that, as the flashing point is higher, the fuel is safer.  
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2.3. ABE fermentation 
 
The first scientist to discover the ABE fermentation process was Pasteur in 1862. He found butanol as 
a product of a microbial culture. In 1905, Schardinger reported the presence of acetone in this same 
fermentation process using glucose as a substrate and Bacillus species as the microorganisms. 
Pringsheim discovered the possibility of producing also isopropanol as well as butanol in 1906. In 1911, 
Fernbach experimented and proved that it was possible to produce simultaneously butanol and 
acetone by using one single type of bacteria. From 1912 to 1914, it was found the best bacteria to 
produce larger quantities of butanol, strains of Clostridium acetobutylicum. They were discovered by 
Chaim Weizmann and they established the basis for the further fermentation industry, which started 
in the United Kingdom in 1916 but quickly spread across the world. 
ABE fermentation gained more interest in the period of First World War because of the use of acetone 
to produce a military material of interest, cordite. Butanol in this period was used as a solvent for quick 
drying lacquers in the automobile industry. At this time, about 66% of butanol and 10% of acetone 
were obtained from this process in large scale in countries such as the Soviet Union, China, Japan, 
Australia and South Africa. Some of these important facts and others can be seen chronologically 
represented in Fig. 8. 
In the 1950s after the Second World War, the petrochemical industry gained popularity extremely 
quick and it offered a cheaper way for obtaining larger quantities of acetone and butanol. This process 
consisted on the oxidation of propylene and it was much more interesting than the traditional ABE 
fermentation. Most of the ABE fermentation plants started to close in this period. However, in some 
countries like South Africa, Russia and China this route continued being active because of the cheap 
supply of molasses. 
In 1970s, some socioeconomical and political episodes lead to an oil crisis, making it important to 
search for an alternative way of obtaining energy apart from the extended oil. At this point, research 
started in order to find solutions to the problems or disadvantages that fermentation presented 
compared to the petrochemical route. A lot of efforts were put in the genetical engineering field, like 
the metabolic study and also the recombination of genes. 
Nowadays, ABE fermentation is getting again in the main spot of interest, mainly caused by the 
depletion of petroleum reserves, increase in oil cost and the growing concern about the environment, 
added to the reported damage that the use of petrochemical fuels produces to it. These are good 
points to develop these alternative ways to get energy. At this moment, the actual status of this 
process is more related to study, optimization and improvement rather than production in real world. 
The aim of all this work is to achieve one day a sustainable market and production of butanol but also 
acetone and ethanol [20-22]. 
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 Fig. 8. Chronology of the ABE fermentation since the first industrial fermentation [23]  
 
ABE fermentation consists in the conversion of carbohydrates such as glucose to acetone, butanol and 
ethanol. So, the starting point for the process are carbohydrates. One of the most used substrates is 
lignocellulosic biomass because of its reduced price, availability in abundance and it does not compete 
with the food market. It is known to be the most economical and highly renewable natural resource in 
the world.  It is basically a complex matrix of polysaccharides, phenolic polymers and proteins, and it 
is formed by the main components found in the most common plants (cellulose, hemicellulose and 
lignin). Cellulose is an important component for the high content of energy. Some wastes can be used 
as feeding for the process, such as wheat straw, rice straw, barley straw, wheat bran, switch grass, 
corn stover or bagasse. Other alternatives have been studied, apart from agricultural wastes, like 
municipal waste, used paper, soil organic carbon or wheat flour [20, 24]. 
Before going into the process, lignocellulose needs to be pre-treated, in order to maximize the further 
fermentation and formation of products. This consists on a hydrolysis of the polysaccharides to obtain 
its sugars, usually using enzymes. There are different possibilities of doing this step, using physical, 
chemical or biological methods. Moreover, different steps can be performed together in the pre-
treatment for improving the results [25]. 
The metabolic route starts with a carbohydrate molecule, such as glucose, and some intermediate 
steps transform it to pyruvate. At this point, there are two differenced phases: acidogenesis and 
solventogenesis. In acetogenesis, there is a quick growth of cells mass and the production of the 
primary metabolites, acetic and butyric acid, as well as carbonic dioxide and hydrogen. In 
solventogenesis, the previous acids are assimilated to form the solvents acetone, butanol and ethanol. 
The co-products of the process are water, hydrogen and carbonic dioxide. The bacteria used to carry 
out this process are from the family Clostridium, which can convert a large list of substrates: xylose, 
glucose, lactose, sucrose, xylan, glycerol and starch. Fig. 9 shows the described process. 
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Fig. 9. Metabolic pathway of Clostridium acetobuitylicum [23] 
 
The traditional industrial process usually uses a batch fermenter under sterile conditions to prevent 
contaminations. The determining parameters of the process are pH, nutrient shortage, product 
inhibition, media composition and redox state [26]. The first part of the process is the fermenter, 
where temperature is set between 30ºC and 37ºC and an initial pH value of 6 or 7. This pH value is 
important, since the fermentation process implies transfer of electrons. It is sterilized at 121-127ºC 
during 60 minutes. When all the conditions are achieved, the fermentation time lasts for about 50 or 
60 hours [27]. These values are taken from one concrete process, but each one has its own setting 
parameters, since they use different conditions such as the type of substrate. Apart from the 
conventional batch reactor, there are also other possibilities [27-29]: 
• Continuous operations have also been studied. This case is especially useful to produce larger 
quantities in shorter times, since the feed is continuously entering and converting products. 
 
• Co-culture is thought to help improving the low concentrations. This means basically using 
different strains of bacteria in the same reactor, study how they interact with each other and 
if there is an improvement in the solvent’s concentration. 
 
• Multistage fermentation can be useful because the bacteria Clostridium has two differenced 
metabolic phases, as it is said previously, acidogenesis and solventogenesis. Each phase has its 
optimal conditions, so by splitting them it is feasible to obtain higher titers. 
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After fermentation step (upstream part), the separation of acetone, butanol, ethanol and water in the 
downstream is done with distillation columns. The main goal of this part is to obtain purified streams 
of the products: acetone, ethanol and butanol. The traditional sequence has 5 columns: a beer column 
removing water, an acetone and ethanol column and finally two columns connected through a 
decanter obtaining butanol and water in the bottoms, respectively. This is the main distillation 
sequence of the traditional model, but some variations can be found, as it is explained in section “3.1. 
Types of distillation sequences”. 
The drawbacks that the overall industrial process presents are [30, 31]: 
• High cost of the substrate, because cultivating plants has high costs of energy. 
 
• Inhibition of bacteria. Usually the maximum concentration of solvents reached is 20 g/L (this 
value is often lower) and the mass ratio is usually 3:6:1 of acetone, butanol and ethanol. It is 
good that butanol is the component produced in larger quantities, but the overall 
concentration of solvents is significantly low compared to the amount of water. Fig. 10 reports 
the concentration of solvents for a particular case. 
 
• High energy demand during the downstream process. The cause is found in the traditional 
method of purifying the downstream of the process, by using distillation columns. In these 
columns it is necessary to provide an amount of heat equal to the latent heat of vaporization, 
since the liquid-vapour thermodynamic equilibrium has to be reached. Moreover, the large 
quantity of water to remove also means an important increase in these energy requirements. 
 
 
Fig. 10. Concentration of products during time with a substrate of 60 g/L of glucose [32] 
 
The solutions for the problems of the process are [21, 30]: 
• Use of genetical modification techniques for making the microorganisms more resistant to 
products toxicity and consequently increasing the solvents concentration. 
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• Use of wastes and residues from agriculture to avoid the cultivating step or at least reducing 
its costs. 
 
• Use of In-Situ Product Recovery (ISPR) techniques for both avoiding inhibition of the solvents 
and reducing the energy demand. 
 
Especially the last point is one of the most popular topics among current research, both experimental 
and theoretical. An ISPR technique consists on an alternative method of separation (alternative 
because it is different from the conventional distillation) that is applied directly in the fermenter. All 
these techniques are getting a lot of interest in recent literature because they are a promising way of 
reducing energy demand in the separation. Also, they achieve higher values of products, since the 
constant removing of these ones get the solvents concentration in the fermenter lower and the 
bacteria does not suffer from inhibition. It is important to remark that ISPR techniques are useful but 
they cannot perform a complete separation. So, it is necessary to implement the following steps in 
distillation columns [30]. 
 Some examples of these techniques are [33]: 
• Adsorption: process in which molecules from a liquid or a gas are attached to a surface, due 
to intermolecular attraction. Especially butanol gets good results in adsorption with significant 
low energy demands. 
 
• Gas stripping: separation method based on the selective removal of a component, due to 
volatility. A gas is directed through the reactor, removing some specific components in larger 
quantities. In particular, nitrogen dioxide has provided good results in the removal of butanol, 
acetone and ethanol, arousing less quantity of water. 
 
• Liquid-liquid extraction: removal of a liquid components by using another liquid. This second 
one presents high solubility with the components that want to be removed. So, by the 
difference in solubility, it is feasible to extract certain components from one solution to 
another. Some of the solvents used with this purpose in the ABE mixtures are large chains of 
alkanes (such as n-octanol or n-decanol) or oleyl alcohol. 
 
• Pertraction: the same basis as the previous one, liquid-liquid extraction, but placing a porous 
membrane between the solvent and the mixture. By the use of the membrane, the selectivity 
is increased. For instance, polypropylene or silicone membranes are known to provide good 
results. 
 
• Reverse osmosis: a semi-permeable membrane separates a feed solution into two streams: 
permeate and concentrate. The first one is the purified solvent from the original mixture and 
the second one the concentrated solution with the permeable components. In this process, it 
is necessary to provide external pressure, in order to increase the concentration of solvents in 
the concentrate. For ABE mixtures, polyamide membranes are accurate. 
 
• Pervaporation: in this method it is also placed a membrane to separate the phases, but the 
driving force is the difference in chemical potentials. This can be reached by temperature 
difference, application of a sweep gas on the permeate side or pressure difference. 
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A lot of research and studies have been estimating the possible savings in energy requirements that 
these techniques can provide. Fig. 11 shows an estimation with certain process conditions about the 
energy requirements for some ISPR techniques. 
 
 
Fig. 11. Comparison of energy requirements of different ISPR techniques: steam stripping (SS), gas stripping 
(GS), pervaporation (Perv), liquid-liquid extraction (Ext) and adsorption (Ad) [34]   
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2.4. Economic importance of the products 
 
For understanding the importance of ABE fermentation, it is necessary to provide a brief explanation 
and description of the production, consumption and economical interest of the products obtained. 
Butanol as a biofuel is one of the most interesting, but there are also other uses given to acetone and 
ethanol. Apart from the economic importance, some properties and chemical information about these 
substances can be found in “Appendix I: Chemical properties and information of the products”. 
 
2.4.1. Acetone 
 
The most used process to obtain acetone is during the production of phenol, since about 96% of the 
world used acetone comes from that route. This consists on the formation of cumene from the primary 
products benzene and propylene, then an oxidization to form cumene hydroperoxide and later a 
decomposition with sulfuric acid produces phenol and acetone (Fig. 12). The production due to ABE 
fermentation is not a main route, from an economical point of view. However, depending of the route 
chosen for the production of butanol, there are some of them where a purified stream of acetone is 
obtained, making it possible to sell it as a co-product of the process. 
 
 
 
 
Fig. 12. Chemical reactions of the formation of acetone [35, 36]  
 
Acetone founds its main use in the solvents market, since about 34% of the global demand of acetone 
goes in this way. It is widely spread in the cleaning market, from removing nail polish to clean properly 
some equipment in the chemical laboratory. This responds to the nature of the chemical formula of 
the compound: it has two non-polar methyl groups in the sides and a polar carbonyl group in the 
middle. This configuration makes it a high polar molecule, with the ability to be miscible in water and 
to solve a wide range of chemical components. However, it has other uses such as lacquers, cleaners, 
paint, coatings, films and adhesives. In addition, in the pharmaceutical field it has a proper demand as 
a glass-reinforced plastic, rubber chemicals and household, cosmetic, and personal care products [37, 
38]. 
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It is also a good precursor for other substances, such as methyl methacrylate and bisphenol A. Methyl 
methacrylate is a reactive resin with good cement properties used in dentistry, orthopedic surgery and 
ophthalmology. Bisphenol A is used to make polycarbonate plastic and epoxy resins [37, 39, 40]. 
Across the world, the leading zones in the production of acetone are China, the United States and 
Western Europe, as it can be seen in Fig. 13. The expectations for the future are clearly for the solvent 
use, this is the one with most promising growth in the future. Although, all other uses are expected to 
have a positive growth in the next years [37, 38]. 
 
 
Fig. 13. World consumption of acetone in 2017 [37] 
 
2.4.2. Butanol 
 
ABE fermentation is not the main way for producing butanol. Alternatively, it is produced through an 
oxidation process of propylene with a homogeneous catalyst. This process leads to the production of 
butyraldehyde which later is hydrogenated to produce butanol (Fig. 14). Economically, this process is 
cheaper and it has been the most common route in the butanol industry in the last 6 decades. This is 
the common petrochemical route that started in 1950s. 
 
 
Fig. 14. Chemical reactions of the formation of butanol [16] 
 
The most promising and economically important use of butanol is in the field of biofuels. However, it 
is also an important solvent such as for paintings, coatings, varnishes, fats, oils, waxes, rubbers and 
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plasticizers. Other industrial applications where it can be useful are in the textile industry, as a cleaning 
polishing agent, brake fluid or even in make-up, nail products, hygiene and shaving products. So, these 
variety of uses make it a relevant component for the current world. Historically, these last-mentioned 
applications were the only ones used in the early 20th century, until it was discovered that it can be 
used as a fuel. In Fig. 15, Asia Pacific and Europe are the leading zones of consumption of butanol [16, 
41]. 
 
 
Fig. 15. World consumption of butanol in 2017 [42] 
 
2.4.3. Ethanol 
 
Ethanol is mainly used as a combustible, since during the year 2017 around a 85-90% of the global 
consumption of this product was destined to this use. It is expected to grow only at a rate of 2% per 
year, in the following five years. This is a low value, especially compared to other biofuels such as 
butanol. However, it is currently one of the most used biofuels. Some of the advantages are briefly 
mentioned in section “2.2. Biofuels”, such as the fact that a large proportion of the current gasoline is 
blended in small proportions with ethanol in the United States. The increase in oil prices in particular 
in 2014 made that most of the used gasoline is blended with ethanol in a proportion of about 10%, in 
the United States. This is the maximum composition known able for gasoline car engines to work with 
no damage on them. 
In Brazil, it can be found cars running entirely with pure ethanol. This is one of the pioneer countries 
in ethanol production, since it has vast indigenous sugar-based feedstocks. In addition, governments 
are encouraging the production and use of ethanol to be used as a biofuel through incentives, 
subsidies, protectionist policies and legislatives polices. 
In Europe, the ethanol market is not as extended as the American one. At this moment, this will not 
raise for itself. For a sustainable growth better than the expected rate of 2% per year, it depends on 
the government and legislative decisions. In addition, there are other candidates to be used as biofuels 
competing with ethanol, such as butanol or biodiesel. So, at this moment, ethanol can be seen as the 
Asia Pacific Europe North America
South America Middle East & Africa
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first replacement for fossil fuels, since problems with the production of butanol and its economic 
viability are solved [43]. 
Fig. 16 is a reliable description of the actual world consumption of ethanol, with the United States 
taking almost half of the total part and Brazil almost a quarter. In China and in Europe it is not currently 
an important market. 
 
 
Fig. 16. World consumption of ethanol in 2017 [43] 
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3. Downstream processing of ABE mixtures 
 
For studying some models of the downstream processing of ABE fermentation, the first step is to get 
all the information related to it, for having an overview of all the studies and work that has been done 
up to now. The information selected is related to simulation work. Moreover, the considered papers 
have results of energy demands and purification of the products streams, using distillation columns 
standalone or ISPR techniques. 
 
3.1. Types of distillation sequences 
 
After searching, analysing and reading all the existing information available in literature, it has been 
done a classification of different kind of distillations, according to their characteristics. It is important 
to remark that every paper reports new data, facts and improvements, as well as some changes in the 
main structure. The three groups are: 
• Based on boiling point: the traditional method for the downstream processing of ABE 
mixtures. A lot of research has been done about this model. 
 
• With a decanter at the beginning: a recent possible distillation sequence, taking advantage of 
the extended use of alternative separation methods, compared with the distillation columns. 
 
• With a decanter before each column: this one is also recent and has been described in only 
one paper. However, it represents a totally new structure with different basis and separation 
points. 
 
In the following sections, a description of the main structure for each group is done, giving some 
important facts of the papers studying them. 
  
3.1.1. Based on boiling point 
 
The distillation sequence proposed is based on three heuristics: removing the most abundant 
component first, separate the components following their boiling points, from lower to higher, and 
leave the most difficult separation for the end. The sequence is thought to work for a feed stream that 
comes directly from the reactor, where the reaction of ABE fermentation has produced acetone, 
butanol, ethanol and water. Even if other components could have been formed during the reaction, 
like acetic acid and butyric acid, for the study of this process are only considered the products 
mentioned before. The commonly found composition for the feed stream is a weight ratio of A:B:E of 
3:6:1, with a maximum concentration of solvents of 20 g/L. It is important to remark that this high level 
of concentration is only found in laboratory conditions, in real industry the values could be notably 
lower. 
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The sequence based on boiling point has a total of five columns: a beer column (which removes a big 
quantity of water), an acetone and ethanol columns and an azeotropic distillation, which consists of 
two columns, a butanol one and a water one, with a decanter joining them (Fig. 17). 
 
 
Fig. 17. Distillation sequence based on boiling point [44] 
 
Even if this group of sequences are thought for working directly with the fermenter concentration, 
they can also work properly combined with any ISPR technique done before in the fermenter, which 
increases the concentration of solvents. However, van der Merwe et. al., 2013 reported some 
disadvantages of these techniques, which makes this group of distillation sequence more interesting, 
because they can work directly with the concentration of the fermenter [44]: 
• Membranes might suffer from clogging and fouling. 
 
• Adsorption is also subject to fouling and has a low capacity and selectivity. 
 
• Gas stripping presents poor results in product recovery. 
 
• Liquid-liquid extraction could form emulsions. 
 
Apart from the positive points, some drawbacks can be found in this group. The applied heuristics rules 
seem to be logical and to provide advantages, but there are some problems in this type of sequence: 
since ethanol has a lower boiling point, even if it arrives in small amounts in the last separation, it will 
start to accumulate due to the recycle of the distillates of the azeotropic distillation, affecting 
negatively to the convergence of the simulation. Moreover, energy demands tend to be high. 
Depending on the number of streams that need to be purified, there are some subgroups in this 
sequence: 
• Subgroup A: it obtains pure streams of acetone, butanol and ethanol. 
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• Subgroup B: it obtains pure streams of acetone and butanol. It is also feasible to purify ethanol 
until a certain point, but it is not the ideal sequence for that. 
 
• Subgroup C: it obtains only a pure stream of butanol. 
 
Subgroup A papers’ (van der Merwe et. Al., 2013, Sánchez-Ramírez et. al., 2016, Outram et. al., 2016) 
are based on an original sequence proposed by Roffler et. al., 1986. The original fermentation method 
is usually done in a batch fermenter. The reported concentration by Roffler et. al., 1986 is 13,7 g/L 
butanol, 5,4 g/L acetone and 1,5 g/L ethanol. Moreover, it can be found 0,2 g/L butyric acid, 0,3 g/L 
acetic acid and 3 g/L cells. Acetone, butanol and ethanol are first concentered in the beer column, 
which separates water as a bottom product. The distillate stream contains about 70% of water and 
30% of acetone, butanol and ethanol (both expressed in weight). Then, this distillate goes through the 
distillations based on the boiling points. 
 
 
Fig. 18. Distillation sequence of subgroup A [44] 
 
The first one is the acetone column, which produces a distillate with a purity of 99,5%wt acetone and 
it operates at 0,7 atm. The second one, takes the previous bottoms stream to obtain 95%wt ethanol 
in the distillate in a column working at 0,3 atm. The bottom stream is directed to the azeotropic 
distillation system: it goes to a decanter, where there are formed the aqueous phase containing 
approximately 9,5%wt of butanol and the organic phase containing approximately 23%wt of water. 
The first one goes to the water column, which obtains a bottoms product with a concentration of 
0,01%wt butanol. The second one goes to the butanol column, which obtains a bottoms product with 
a concentration of 99,7%wt of butanol. Both distillate streams from the two columns are recirculated 
to the decanter, in order to recover as much butanol as possible. This sequence can be seen in Fig. 18 
[45]. 
Subgroup B has a slightly different sequence. It was reported for Marlatt et. al., 1986. In this case, the 
first beer column recovers butanol, acetone and 90% of ethanol. The distillate composition is 36%wt 
butanol, 14%wt acetone, 3%wt ethanol and 47%wt water. Then, the following columns splits acetone 
and ethanol in distillate and butanol and water in bottoms. The distillate is separated with a column 
obtaining acetone in distillate and ethanol as bottoms. The butanol and water streams go to the 
azeotropic distillation. With a decanter, the organic phase goes to the butanol column, obtaining a 
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bottoms stream with a 99,6% butanol purity, and the aqueous phase goes to the water column 
obtaining a bottoms stream of 0,08% butanol. This sequence can be seen in Fig. 19 [46]. 
 
 
Fig. 19. Distillation sequence of subgroup B [44] 
 
If in the previous sequence there is no aim of obtaining acetone and ethanol pure streams, it is possible 
to avoid the last separation, which will result in one less column and less energy demand. This is the 
structure of subgroup C. However, in this case, the only pure product is butanol. It is shown in Fig. 20. 
 
 
Fig. 20. Distillation sequences of subgroup C [44] 
 
Van der Merwe et. al., 2013 studied the 3 subgroups, as well as some alternatives including liquid-
liquid extraction. In this paper, different conceptual designs are simulated and compared in order to 
determine which one has better economic results. They follow information from different authors, so 
there is more variation of information but the comparison losses accuracy, since every model has 
different settings. 
Wukovits et. al., 2018 also studied these subgroups. In this paper is performed a simulation of different 
ISPR techniques with a distillation sequence afterwards. These studied techniques are gas stripping, 
pervaporation and adsorption. At the end, the final results are the energy demands of each column for 
4 simulations (3 using ISPR techniques and 1 standalone distillation sequence). The comparison is 
interesting because all the simulations have the same conditions and targets, so the final energy 
demands are more comparable. In addition, this is one of the main goals in this paper, because it is 
claimed that all the papers in literature have different settings and it is difficult to compare them, such 
as it happens in van der Merwe et. al., 2013. This can be checked in Table 2. As a reference values for 
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these subgroups, the simulation without ISPR techniques have an energy consumption of 22,3 MJ/kg, 
17,01 and 16,31 MJ/kg for A, B and C, respectively. The models of Wukovits et. al., 2018 are not 
published in the paper, but they were performed and studied in Technology University of Vienna [30]. 
Apart from these two papers, all the others studied and evaluated ones are presented in Table 2 
(subgroup A) and 3 (subgroups B and C), giving some characteristic values for different processes. It is 
especially interesting to compare the different products purities and energy demands, keeping in mind 
that some energy demands are taking in account only the heating demand (reboiler) and others the 
overall process (heating and cooling). It is expressed in terms of MJ for every kg of butanol obtained. 
All the sequences of Tables 2 and 3 are the traditional ones, with no modifications, since the purpose 
of this table is to get an overview of the typical values of these sequences. 
For Table 2, the heating demands are in the range of 20-40 MJ/kg and the overall demands about 60 
MJ/kg. Also, the use of an ISPR technique reduces considerably the heating demand, as it can be seen 
in Chen et. al., 2018, providing a value of about 15 MJ/kg. 
 
  
Wukovits A Outram 
van der 
Merwe A 
Haigh 
Sánchez- 
Ramírez 
Roffler Chen 
General information               
ISPR technique No No No No No No Pervaporation 
Fluid package NRTL NRTL 
NRTL-
HOC 
-- NRTL-HOC UNIFAC 
NRTL and 
UNIQUAC 
(for the LLE) 
Feed               
Composition mass 
ratio (A:B:E)  
3 : 6 : 1 18,3 : 46,7 : 1 3 : 6 : 1 3 : 6 : 1 -- 3,6 : 20,6 : 1 6,5 : 10,8 : 1 
Temperature (°C) 35 75 -- -- -- -- -- 
Pressure (bar) 1,5 1 -- -- -- -- -- 
Beer column               
Nstages 45 45 -- 45 12 -- 20 
Feed location 1 1 -- 1 4 -- 10 
Reflux Ratio 25,9  -- -- 1,8 -- -- 
Pressure (bar) 1,5 1,5 -- -- -- 1,5 1,1 
Distillate 
temperature (°C) 
105,6 -- -- -- -- -- 76,4 
Bottoms 
temperature (°C) 
111,3 111,8 -- -- -- -- 102 
Acetone column               
Nstages 30 42 -- 30 34 -- 70 
Feed location 15 23 -- -- 22 -- 30 
Reflux Ratio 8,9 -- -- -- 22,4 -- -- 
Pressure (bar) 0,7 0,7 -- 0,7 -- 0,7 1,3 
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Distillate 
temperature (°C) 
45,8 42 -- -- -- -- 55 
Bottoms 
temperature (°C) 
81,5 83,6 -- -- -- -- 97,7 
Ethanol column               
Nstages 40 40 -- 30 51 -- 42 
Feed location 10 10 -- -- 24 -- 28 
Reflux Ratio 23,9 -- -- -- 93,7 -- -- 
Pressure (bar) 0,3 0,3 -- 0,3 -- 0,3 1,2 
Distillate 
temperature (°C) 
54,9 51,1 -- -- -- -- 77,8 
Bottoms 
temperature (°C) 
62,4 64,2 -- -- -- -- 99,6 
Butanol column               
Nstages 10 10 -- -- 38 -- 11 
Feed location 1 1 -- -- 24 -- 5 
Reflux Ratio 1,8 -- -- -- 20 -- -- 
Pressure (bar) 1 1 -- -- -- 1,5 1,05 
Distillate 
temperature (°C) 
92,5 92,1 -- -- -- -- 91,6 
Bottoms 
temperature (°C) 
114,2 116,1 -- -- -- -- 119 
Water column               
Nstages 10 10 -- -- 19 -- 11 
Feed location 1 1 -- -- 16 -- 5 
Reflux Ratio 18,6 -- -- -- 2,7 -- -- 
Pressure (bar) 1 1 -- -- -- 0,3 1,05 
Distillate 
temperature (°C) 
90,9 90,8 -- -- -- -- 90,4 
Bottoms 
temperature (°C) 
98,8 100 -- -- -- -- 101 
Decanter               
But. Conc. 
Org. phase 
0,54 -- -- 0,75 -- -- -- 
Wat. Conc. 
Org. phase 
0,02 -- -- 0,05 -- -- -- 
Temperature (°C) 65 80 -- 66 -- -- 20 
Pressure (bar) 1 1 -- 0,7 -- -- -- 
Results               
Energy demand 
(MJ/kg but) 
22,3 
 (heat.) 
60 38,8 58,2 
(overall) 
-- -- 
15,2 
(overall) (heat.) (heat.) 
Butanol purity (%wt) 99,5 99,5 99,5 96,7 99,5 99,7 99,7 
Acetone purity (%wt) 99,5 99,5 98 98 98 99,5 99,7 
Ethanol purity (%wt) 60 80 99 84 95 95 95 
Table 2. Results from literature of subgroup A  [30, 44-45, 48, 49] 
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For Table 3, all the values of energy demand are referred only to heating and no ISPR techniques are 
performed. There are a lot of differences among the papers, while Wukovits et. al., 2018 presents a 
value of 17,01 MJ/kg for subgroup B, the other 2 papers are above 30 MJ/kg. Referring to sequence C, 
Wukovits et. al., 2018 has an energy demand of 16,31 MJ/kg, lower than subgroup B because it is the 
same process of subgroup B, but removing the last acetone column. There is a significant thing to 
remark: in van der Merwe et. al., 2013, the energy demand of subgroup B is 0,6 MJ/kg lower than 
subgroup C. The explanation of this fact is that different base cases were simulated, following different 
papers. For instance, the bacteria used in them is different and consequentially the solvents 
concentrations. Also, the parameters of the columns. This highlights the fact that it is impossible to 
make a logical comparison among all the options available in literature, because even in a same paper 
models following different literature can be found. 
 
  
Wukovits B 
van der 
Merwe B 
Sánchez- 
Ramírez 
Marlatt Van Hecke Wukovits C 
van der 
Merwe C 
General information               
ISPR technique No No No No No No No 
Fluid package NRTL NRTL-HOC NRTL-HOC  NRTL NRTL NRTL-HOC 
Feed               
Composition ratio 
(A:B:E)  
3 : 6 : 1 3 : 6 : 1 -- -- 3 : 6 : 1 3 : 6 : 1 3 : 6 : 1 
Temperature (°C) 90 -- -- 97 35 90 -- 
Pressure (bar) 1,5 -- --   1,5 -- 
Beer column               
Nstages 45 -- 17 -- 20 45 -- 
Feed location 1 -- 11 -- -- 1 -- 
Reflux Ratio 35,9 -- 0,14 -- -- 35,9 -- 
Pressure (bar) 1,5 -- -- -- -- 1,5 -- 
Distillate 
temperature (°C) 
104,3 -- -- -- 86,7 104,3 -- 
Bottoms 
temperature (°C) 
111,1 -- -- -- 99,6 111,1 -- 
Solvents column               
Nstages 40 -- 38 -- 30 40 -- 
Feed location 16 -- 22 -- -- 16 -- 
Reflux Ratio 9,5 -- 8,73 -- -- 9,5 -- 
Pressure (bar) 1 -- -- -- -- 1 -- 
Distillate 
temperature (°C) 
57,3 -- -- -- 59,4 57,3 -- 
Bottoms 
temperature (°C) 
91,4 -- -- -- 95,7 91,4 -- 
Acetone column               
Nstages 38 -- 43 -- 30 -- -- 
Feed location 23 -- 18 -- -- -- -- 
Reflux Ratio 2,7 -- 10,26 -- -- -- -- 
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Pressure (bar) 0,7 -- -- -- -- -- -- 
Distillate 
temperature (°C) 
45,8 -- -- -- 55,9 -- -- 
Bottoms 
temperature (°C) 
71,5 -- -- -- 76,8 -- -- 
Butanol column               
Nstages 10 -- 37 -- 17 10 -- 
Feed location 1 -- 7 -- -- 1 -- 
Reflux Ratio 1,7 -- 1,62 -- -- 1,7 -- 
Pressure (bar) 1 -- -- -- -- 1 -- 
Distillate 
temperature (°C) 
92 -- -- -- 92,9 92 -- 
Bottoms 
temperature (°C) 
114,7 -- -- -- 117,4 114,7 -- 
Water column               
Nstages 10 -- 23 -- 10 10 -- 
Feed location 1 -- 5 -- -- 1 -- 
Reflux Ratio 13,7 -- 1,06 -- -- 13,7 -- 
Pressure (bar) 1 -- -- -- -- 1 -- 
Distillate 
temperature (°C) 
90,8 -- -- -- 92,8 90,8 -- 
Bottoms 
temperature (°C) 
99 -- -- -- 99,6 99 -- 
Decanter               
But. Conc. Org. 
phase 
0,502 -- -- -- 73,1 0,502 -- 
Wat. Conc. Org. 
phase 
0,018 -- -- -- 92 0,018 -- 
Temperature (°C) 65 -- -- -- 50,7 65 -- 
Pressure (bar) 1 -- -- --  1 -- 
Results               
Energy demand 
(MJ/kg but) 
17,01 
(heat.) 
31,2 
-- -- 
34,7 16,31 31,8 
(heat.) (heat.) (heat.) (heat.) 
Butanol purity (%wt) 99,5 -- 99,9 99,6 99,8 99,5 -- 
Acetone purity 
(%wt) 
99,5 -- 99,9 -- 99 -- -- 
Ethanol purity (%wt) 62,2 -- 86,1 -- 87 -- -- 
Table 3. Results from literature of subgroups B and C [30, 44, 46, 50, 51] 
 
3.1.2. With a decanter at the beginning 
 
One of the most important facts for sequences with a decanter at the beginning is the miscibility gap 
presented in the butanol-water mixture. For certain values of composition, there are two phases 
formed, an organic phase rich in butanol and an aqueous phase rich in water. The typical solvents 
concentration obtained in the fermenter are too low that only one phase is formed. If there is applied 
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an ISPR technique, the concentration is enough for having two phases and then, it is possible to place 
a decanter at the beginning of this sequence. The main point is taking advantage of the organic phase, 
which is rich in butanol, and the aqueous phase, which is rich in water. With these two initial streams, 
all the process seems to be a promising alternative, both in terms of products purity and overall energy 
demand. 
The decanter splits an organic phase from an aqueous phase. The organic phase is conducted to the 
butanol column, which purifies butanol as bottoms stream and water in the distillate. This last stream 
is recirculated to the decanter, in order to not waste the remaining part of butanol that could be in the 
stream and also to reduce the energy demand of this column. The aqueous phase is conducted to a 
stripping column to remove water as bottoms and a distillate rich in acetone and ethanol, conducted 
to a third column. This one, gets a distillate stream of acetone and ethanol without water and butanol 
and the bottoms are recirculated to the decanter. Like it happened with the butanol column, the 
fraction of butanol in the aqueous phase (since this aqueous phase is not free of solvents) is 
recirculated again in the decanter, so more product can be recovered. One last column purifies acetone 
as distillate and ethanol as bottoms. The structure of this sequence is displayed in Fig. 21. 
 
 
Fig. 21. Sequence of Patrascu et. al., 2017 [52] 
 
One of the most relevant papers found describing this sequence is from Patrascu et al., 2017. In this 
one, some points justify the suitability of this sequence compared to the traditional one based on 
boiling point [53]: 
• The first unit of the sequence is a decanter, without pre-concentration steps, improving energy 
efficiency and preventing phase separation in the first distillation columns. 
 
• Two distillation columns are replaced by a more efficient dividing-wall column. This fact is 
reported in a paper of this group, but it could be studied to be implemented in all the groups. 
 
• The column separating ethanol is a part of the recycle loop of butanol-water, in order to 
prevent ethanol accumulation. 
 
• Heat integration is included. 
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Apart from Patrascu et. al., 2017, there are other papers placing a decanter at the beginning of the 
sequence with some variations in the described flowsheet: Kramer et. al., 2010, van der Merwe et. al., 
2013, Sanchez-Ramirez et. al., 2016 among others. They proposed separation techniques such as 
hybrid extraction-distillation processes using mesitylene as the solvent, centrifugation and liquid-liquid 
extraction with 2-ethyl-1-hexanol as extractant agent and stream stripping distillation columns, and 
liquid-liquid extraction using hexyl acetate. These are not ISPR techniques, since they are not applied 
in the fermenter. All of them resulted in positive advantages compared to the standalone distillation. 
However, the main drawbacks of this processes are a large amount of water that still needs to be 
removed and it is necessary to recover the extractant agents in order to make it economically viable. 
Moreover, this type of distillation sequence (with the decanter at the beginning) has the big drawback 
of recycling a large stream with an azeotropic mixture. 
Kaymak et. al., 2018 used the model of Patrascu et. al., 2017 for proposing a novel distillation 
sequence. In this one it is introduced two reactive distillation columns, with ethylene oxide to react 
with water and form ethylene glycol: 
 
𝐶2𝐻4𝑂 + 𝐻2𝑂 → 𝐶2𝐻6𝑂 
 
The sequence starts with a decanter, which gets a feed stream coming from an ISPR technique. There 
is no recycle in this case. The organic phase goes to the distillation reactive column, where the bottoms 
is a pure stream of ethylene glycol. The aqueous phase is directed to a water column, where the 
bottoms is water and the distillate goes to a reactive distillation column with ethylene oxide, where 
the bottoms is again a pure stream of ethylene glycol and the distillate is directed to a butanol column. 
In this one, butanol is separated in the bottoms and the distillate is directed to the last column, 
separating acetone as distillate and ethanol as bottoms. The flowsheet is represented in Fig. 22 [52, 
53]. 
 
 
Fig. 22. Sequence of Kaymak et. al., 2018 [52] 
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By doing this process, the mentioned disadvantages about this group of distillation sequence are 
totally or partially solved: water reacts with the external agent and is eliminated (or converted into 
ethylene glycol) and the external removing agent does not need to be recovered, because it is 
separated in distillate columns in form of ethylene glycol. The recycling problem is solved by 
eliminating the two recirculation to the decanter that the original sequence presented. 
Table 4 displays the results for Patrascu et. al., 2017 and Kaymak et. al., 2018. Both of them have 
energy demands considerably lower than Table 2 and 3 (sequences “based on boiling point”). Overall, 
it can be concluded that the difference is due to the amount of water coming into the process from 
the fermenter. So, as it is logical, when ISPR techniques are performed, the energy demand decreases 
significantly. However, the energy consumption of the ISPR technique is not taken into account in this 
calculation, which will increase the global value. Between the two models in Table 4, Kaymak et. al., 
2018 has approximately 50% less of heat requirements. The feeding of ethylene oxide reduced the 
overall energy demand, but it is important to remark that this causes higher costs as there are more 
substances needed for the process. 
 
  
Patrascu 
    
Kaymak 
 (reactive 
column) 
General information     General information   
ISPR technique Gas stripping   ISPR technique Gas stripping 
Fluid package NRTL   Fluid package NRTL 
Feed     Feed   
Composition %wt 
(A:B:E)  
4,5 : 18,6 : 0,9 
  
Composition %wt 
(A:B:E)  
4,5 : 18,5 : 1,0 
Temperature (°C) --   Temperature (°C) -- 
Pressure (bar) --   Pressure (bar) -- 
Decanter     Decanter   
But. Conc. 
Org. phase 
68,8 
  
But. Conc. 
Org. phase 
-- 
Wat. Conc. 
Org. phase 
86,6 
  
Wat. Conc. 
Org. phase 
-- 
Temperature (°C) 40   Temperature (°C) -- 
Pressure (bar) --   Pressure (bar) -- 
Butanol column     Reactive column 1   
Nstages 37   Nstages 37 
Feed location 1   Feed location 28 
Reflux Ratio --   Reflux Ratio 2,3 
Pressure (bar) 1   Pressure (bar) 5 
Distillate 
temperature (°C) 
-- 
  
Distillate 
temperature (°C) 
-- 
Bottoms 
temperature (°C) 
-- 
  
Bottoms 
temperature (°C) 
-- 
Water column     Water column   
Nstages 8   Nstages 8 
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Feed location 1   Feed location 1 
Reflux Ratio --   Reflux Ratio -- 
Pressure (bar) 1   Pressure (bar) 1 
Distillate 
temperature (°C) 
-- 
  
Distillate 
temperature (°C) 
-- 
Bottoms 
temperature (°C) 
-- 
  
Bottoms 
temperature (°C) 
-- 
Solvents column     Reactive column 2   
Nstages 25   Nstages 29 
Feed location 20   Feed location 20 
Reflux Ratio 14,2   Reflux Ratio 6,7 
Pressure (bar) --   Pressure (bar) 5 
Distillate 
temperature (°C) 
-- 
  
Distillate 
temperature (°C) 
-- 
Bottoms 
temperature (°C) 
-- 
  
Bottoms 
temperature (°C) 
-- 
Acetone column     Butanol column   
Nstages 31   Nstages 18 
Feed location 26   Feed location 10 
Reflux Ratio 12,6   Reflux Ratio 2,25 
Pressure (bar) 1   Pressure (bar) 1 
Distillate 
temperature (°C) 
-- 
  
Distillate 
temperature (°C) 
-- 
Bottoms 
temperature (°C) 
-- 
  
Bottoms 
temperature (°C) 
-- 
Results     Acetone column   
Energy demand 
(MJ/kg but) 
8,19 
(heat.) 
  
Nstages 30 
 
 
25 Feed location 
Butanol purity (%wt) 99,4   Reflux Ratio 8,6 
Acetone purity 
(%wt) 
99,4 
  
Pressure (bar) 
 
1 
Ethanol purity (%wt) 91,4 
  
Distillate 
temperature (°C) 
-- 
 
 
  
Bottoms 
temperature (°C) 
-- 
 
 
  Results   
    Energy demand 
(MJ/kg but) 
4,73 
    
(heat.) 
Butanol purity (%wt) 99,5 
    
Acetone purity 
(%wt) 
98,5 
    Ethanol purity (%wt) 99,5 
Table 4. Results of Patrascu et. al., 2017 and Kaymak et. al., 2018 [52, 53] 
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3.1.3. With a decanter before each column 
 
This distillation sequence is reported by Grisales Diaz et. al., 2017. The main basis for it is the placement 
of a decanter before each column. There are different models reported in this paper. 
• System with four distillation columns (4DC): After the beer column, the amount of water is 
reduced by using a decanter, where the aqueous phase is the reflux to the beer column and 
the organic phase goes to the next column. This reflux of the aqueous phase is because the 
distillate still has significant quantity of water that has to be removed. Then, acetone and 
ethanol are obtained in the following columns. There is a total of 3 decanters, used to reduce 
the water concentration of some streams, because the polar components, acetone and 
ethanol, are recovered sequentially. The last decanter is for breaking the butanol-water 
azeotrope. The most common sequence is to have a pair of columns at the end of the 
sequence, one for butanol and the other for water. However, the aim of this study is to reduce 
the number of columns, so the aqueous phase of the last decanter is recirculated to the 
beginning, this is, the beer column. Some columns are working in lower pressures in order to 
use the condensation heat of the ones at atmospheric pressure to heat the boiler of the second 
ones (Fig. 23) [54]. 
 
 
Fig. 23. Model 4DC of Grisales-Diaz et. al., 2017 [54] 
 
• System with three distillation columns (3DC): the first column obtains acetone and ethanol in 
the top stage. A side stream is feed to a decanter, to separate an organic phase that goes 
directly to the butanol column and an aqueous phase recirculated in the beer column. Acetone 
and ethanol are purified simultaneously in the following column after the distillate. The 
butanol column obtains butanol as bottoms stream and its distillate goes to the decanter, to 
break the butanol-water azeotrope. In this system the pressure is also reduced (Fig. 24) [54]. 
 
 
Fig. 24. Model 3DC of Grisales-Diaz et. al., 2017 [54] 
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• Four distillation columns with double-effect (4DC-DE): The feed is split to two different 
columns, one operating at low pressure and the second one at higher pressure. In the first one, 
the distillate goes through a decanter, where the organic phase goes to the next column and 
the aqueous phase is returned to this column. So, the high-pressure column is feed with two 
streams: the spilt original feed and the organic phase of the previous one. The bottom stream 
is water, a side stream goes through a decanter and the distillate, which is rich in acetone and 
ethanol, goes to a column to purify the mentioned components, obtaining acetone as tops and 
ethanol as bottoms. The previous side stream goes through a decanter, where the aqueous 
phase is returned to the column and the organic phase goes to the last column, which obtains 
butanol as bottoms (Fig. 25) [54]. 
 
 
Fig. 25. Model 4DC-DE of Grisales-Diaz et. al., 2017 [54] 
 
All the results of this paper are displayed in Table 5. Feed composition in this case is taken from the 
typical Chinese industrial process. The simulation with lowest energy demands is 4DC-DE, with a value 
approximately 3 MJ/kg lower. Compared to Tables 2, 3 and 4, it can be seen energy demand is 
significantly improved without using an ISPR technique. This is the main reason for including this 
process in the thesis, but the lack of information about it has made it impossible to perform a deeper 
study. 
 
  Grisales-Diaz 4DC Grisales-Diaz 3DC Grisales-Diaz 4DC-DE 
General information       
ISPR technique No No No 
Fluid package UNIQUAC-RK UNIQUAC-RK UNIQUAC-RK 
Feed       
Composition ratio (A:B:E)  2,5 : 4,8 : 1 2,5 : 4,8 : 1 2,5 : 4,8 : 1 
Solvents concentration 10 g/L butanol 10 g/L butanol 10 g/L butanol 
Temperature (°C) -- -- -- 
Pressure (bar) -- -- -- 
Column 1       
Nstages 20 40 -- 
Feed location 01-03 21-23 -- 
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Reflux Ratio -- -- -- 
Pressure (bar) 1,4 1,1 -- 
Column 1 - Low pressure       
Nstages -- -- 20 
Feed location -- -- 1-3 
Reflux Ratio -- -- -- 
Pressure (bar) -- -- 0,2 
Column 1 - High Pressure       
Nstages -- -- 40 
Feed location -- -- 15-21-23 
Reflux Ratio -- --  
Pressure (bar) -- -- 1,1 
Column 2       
Nstages 30 20 25 
Feed location 15 14 21 
Reflux Ratio -- -- -- 
Pressure (bar) 0,5 0,5 0,5 
Column 3       
Nstages 30 10 10 
Feed location 12 1 1 
Reflux Ratio -- -- -- 
Pressure (bar) 0,5 0,1 1,2 
Column 4       
Nstages 10 -- -- 
Feed location 1 -- -- 
Reflux Ratio -- -- -- 
Pressure (bar) 0,2 -- -- 
Results       
Energy demand (MJ/kg 
but) 
11,7 11,5 8,7 
(heat.) (heat.) (heat.) 
Butanol purity (%wt) 99,7 99,7 99,7 
Acetone purity (%wt) 99 99 99 
Ethanol purity (%wt) 89 89 89 
Table 5. Results of Grisales Diaz et. al., 2017 [54] 
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3.2. Models studied 
 
Among all the existing papers, some of them are chosen for being studied and simulated in Aspen Plus. 
The reasons for choosing them are a special focus on distillation, more than in ISPR techniques. All the 
selected papers are from the group “based on boiling point”. There are no models from the group 
“with a decanter at the beginning” and “with a decanter before each column” because they require an 
extensive study of the liquid-liquid equilibrium (LLE) for all the components. The group “based on 
boiling point” can be performed with the study of only butanol-water LLE, because these are the main 
components in the decanter. The three papers chosen are: 
• Chen et. al., 2018 (2 models, A and A with a variation): it is studied a variation for improving 
the original sequence A. There is also studied the original sequence A with no modification 
reported in the paper. 
 
• Van Hecke et. al., 2016 (2 models, B and B with a variation): it is separated a fraction from the 
fermenter and conducted through a pervaporation unit. It is included for having a point of view 
of the ISPR techniques, and because all of the other papers also have these techniques. There 
is also an original sequence B reported, with no further modifications. 
 
• Wukovits et. al., 2018 (2 models, A and B): it is studied the combination of ISPR techniques 
with distillation columns. The described paper only contains information about subgroup A, 
but in section “4.3. Comparison of the simulated cases”, there are two models of Wukovits et. 
al., 2018, from subgroups A and B, which are not reported in the paper, but have been 
developed in the frame of this paper in Technology University of Vienna. 
 
Apart from the simulations of the original models of the papers, they are later simulated using same 
settings and targets for all of them. It is necessary in order to obtain a fair comparison between them, 
since every paper has its own characteristics and the values of energy demands are not comparable. 
For example, as it has been proved in the chapter “3. Downstream processing of ABE mixtures”, the 
use of ISPR techniques has positive impact in the energy demand. If one model is studied using this 
technique, it will need less heat consumption. The following lines summarize the information reported 
in the papers. 
 
3.2.1. Chen et. al., 2018 
 
The most common sequence is following the distillation points (acetone, ethanol and water and 
butanol with two columns and a decanter). However, the ethanol column requires an elevated value 
of reflux, because of the extremely low concentration of ethanol. Moreover, ethanol would 
accumulate in the top of the butanol and water columns, because even if the fraction of ethanol in the 
bottoms product of the ethanol column is low (about 245 ppm), it will be always in the distillate 
streams of the azeotropic columns, because of its higher volatility compared to butanol and water. The 
recirculation to the decanter will lead to a constantly growing concentration of ethanol. 
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The alternative studied in this paper consists on the traditional sequence based on boiling point but 
with one notable modification: a recycle of the distillate of the water and butanol columns to the 
ethanol column, avoiding excessive accumulation of ethanol. The flowsheet is displayed in Fig. 26. 
 
 
Fig. 26. Models of Chen et. al., 2018 [48] 
 
Apart from the recirculation of ethanol, the energy demand is also reduced in this paper with a heat 
integration. In the traditional sequence, the temperatures of condensers and reboilers are close, so it 
is possible to save a relatively low quantity of energy. By changing the pressure, it is possible to enlarge 
the difference in temperatures of streams and a better heat integration. In addition, by reducing the 
pressure, the components in the columns experiment a higher tendency to volatilize. This will lead to 
other positive thing in terms of heat demand: the reflux ratio will be lower. 
The simulation is done with UniSim, with the NRTL property method for the calculation of the 
thermodynamic behaviour of the components except for the LLE, which is calculated with UNIQUAC. 
The sequence uses an ISPR technique, a pervaporation unit to increase solvents concentration and 
reduce heat demand. In the bioreactor, ABE concentrations were maintained at 15,8 – 18,4 g/L. The 
feed stream after this ISPR technique had a concentration of 17,8 g/L ethanol, 115,8 g/L acetone and 
191,4 g/L butanol. Mixtures with butanol concentrations up to 70 g/L present problems in the phase 
separation. In this case, the feed was a monophasic solution, which could have been caused for the 
high quantity of acetone.  
A products purity of 95%wt ethanol, 99,7%wt acetone and 100%wt butanol are achieved in both 
scenarios, the traditional model and using the ethanol recycle. The heat demand for the two first 
columns (beer and acetone) are similar, because until that point the sequence is the same. 
Recirculating ethanol to the ethanol column reduced the reflux ratio and less energy is needed. 
Another difference is that in the second scenario, the concentration of butanol in the decanter is lower 
in both organic and aqueous phase, due to the bigger amount of ethanol. This leads to a higher energy 
requirement for both butanol and water column, but overall, it is only a slightly increase compared to 
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the global saving. So, the second option results in a better alternative, for less energy demand, good 
stability and controllability. 
The heat exchanger network in the heat integration included 12 units. A minimum temperature 
difference for heat exchange of 15ºC. The savings with the heat integration are 13,1% and 15,5% for 
the two scenarios, respectively. The total heat requirements are 12,27 MJ/kg butanol and 10,12 MJ/kg 
butanol with the performing of the heat integration. Without it, they are 15,2 MJ/kg and 13,4 MJ/kg. 
The results are summarized in Table 6 [48]. 
 
  
Chen (subgroup A) 
Chen (subgroup A 
with recycle) 
Results     
Energy demand (MJ/kg but) 15,2 13,4 
Acetone purity (%wt) 99,7 99,7 
Ethanol purity (%wt) 95 95 
Butanol purity (%wt) 100 100 
Acetone recovery (%) 99,9 99,9 
Ethanol recovery (%) 99,2 99,2 
Butanol recovery (%) 100 100 
Table 6. Results of Chen et. al., 2018 [48] 
 
3.2.2. Van Hecke et. al., 2016 
 
It has been found two papers very related with each other (they have the same author) working in the 
same process: the first one (2016) is more focused on the chemical process point of view, while the 
other (2018) makes a deep analysis from an economical point of view. The information given in this 
section has parts of both. 
One of the main responsible of the large energy consumptions in ABE fermentation downstream is the 
beer column. This one removes abundant quantities of water. In this paper, it is studied how to reduce 
the heat demand of this unit. Here is where ISPR techniques come into the study. ISPR techniques 
achieve higher solvents concentrations. A typical composition from the fermenter without this 
technique will be around 2%wt solvents. Pervaporation has provided good results in products recovery 
from the fermenter, avoiding product inhibition. 
In this study, it is implemented three fermenters in series. In the second one, there is an extraction of 
the broth that goes to a pervaporation unit. PDMS membranes are ideal for this separation, since 
experimental studies have proved that they do not suffer irreversible decline in flux due to fouling. 
There, the solvents concentration goes up to 18,5%wt. By doing this, the total amount that the beer 
column is treating is reduced and, consequentially, the heat demand. There is still a third fermenter to 
get the final maximum conversion and getting the remaining feed for the beer column.  
This simulation is carried out with Chemcad, using the fluid packages of NRTL. 
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The feed from the third fermenter is directed to a beer stripper, as it has been said, where a 18,7%wt 
of solvents is achieved. The bottoms stream is sent to a recirculated falling film stillage evaporator to 
concentrate it to 20%wt of its original value. The distillate of the beer stripper is sent to the second 
column, together with the previous pervaporated stream from the fermenter. From here, the distillate 
goes to the acetone-ethanol separation, obtaining 99,03%wt acetone purity and 86,96%wt ethanol 
purity (with 2,65%wt acetone and 10,4%wt water). Afterwards, the azeotropic distillation obtains a 
butanol stream of 99,75%wt purity. The flowsheet for this sequence is displayed in Fig. 27. 
 
 
Fig. 27. Model of van Hecke et. al., 2016 [51] 
 
The total heat consumption for this simulation is 34,7 MJ/kg butanol for the basic process and 22,7 
MJ/kg butanol for the pervaporation scheme. Both values only consider the reboiler duty and without 
heat integration. The results for the paper are summarized in Table 7. There is no information about 
the recovery of the products. The energy demands are quite different because the energy consumption 
caused by the pervaporation is not taken into account [51, 54]. 
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van Hecke 
 (subgroup B) 
van Hecke (subgroup B 
with pervaporation stream) 
Results     
Energy demand (MJ/kg but) 34,7 22,7 
Acetone purity (%wt) 99 99 
Ethanol purity (%wt) 87 87 
Butanol purity (%wt) 99,8 99,8 
Acetone recovery (%) -- -- 
Ethanol recovery (%) -- -- 
Butanol recovery (%) -- -- 
Table 7. Results of van Hecke et. al., 2016 [51] 
 
3.2.3. Wukovits et. al., 2018 
 
As in the previous papers, here it is also claimed that the use of ISPR techniques provides good results 
for energy demand in the ABE fermentation downstream. In this paper, it is compared the use of gas 
stripping, pervaporation and adsorption. There can be found a lot of experimental data, but there is a 
significant lack of data for the whole hybrid process. To provide consistent data, it is performed a 
simulation of different ISPR techniques. The simulation of the models is based on first separation 
principles and process specific parameters coming from experimental studies. 
Some problems found in literature are the use of inconsistent data due to different process conditions 
and parameters, focusing the studies only in the experimental part of ISPR techniques and overcoming 
simplifications in estimating energy demands. This study begins with the work done by Outram et. al., 
2016, making a comparison of several ISPR techniques both in upstream and downstream. However, 
in this case, the performance of this previous separations is based on simple splitter units, not in the 
separation principle. Among all the available ISPR techniques described in section “2.3. ABE 
fermentation”, the three techniques in this study are gas stripping, pervaporation and adsorption. 
The process assures a recovery of 99,5%, 98% and 99,5% in acetone, ethanol and butanol, respectively, 
and also a purity of 99,5%wt, 60%wt and 99,5%wt. The process in the after distillation corresponds to 
subgroup A. The flowsheet of this paper is displayed in Fig. 28. 
 
 
Fig. 28. Model of Wukovits et. al., 2018 [44] 
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There is also a sensitivity analysis to study how the overall energy requirements are affected by 
modifying the initial concentration of butanol (from 1 to 1,5% in weight). The results showed that 
adsorption presents the lower energy demands, since the selectivity of butanol is high enough to be 
correctly separated and only one column is needed. The standalone distillation presents values from 
32 to 24 MJ/kg in the sensitivity analysis (from 1 to 1,5%wt). The results for the 4 cases worked in the 
paper are summarized in Table 8 and Fig. 29. All these values are without heat integration [30]. 
 
  
Wukovits 
(pervaporation) 
Wukovits 
(gas stripping) 
Wukovits 
(adsorption) 
Wukovits 
(standalone dist.) 
Results         
Energy demand (MJ/kg but) 12 14 5 24 
Acetone purity (%wt) 99,5 99,5 99,5 99,5 
Ethanol purity (%wt) 60 87 87 87 
Butanol purity (%wt) 99,5 99,5 99,5 99,5 
Acetone recovery (%) 99,5 99,5 99,5 99,5 
Ethanol recovery (%) 98 98 98 98 
Butanol recovery (%) 99,5 99,5 99,5 99,5 
Table 8. Results of Wukovits et. al., 2018 [30] 
 
Fig. 29. Sensitivity analysis of Wukovits et. al., 2018 [30] 
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4. Simulation of the models 
 
4.1. Property method 
 
In the simulation, the behaviour of the components is calculated using the property methods. This is 
one of the fundamental aspects of the settings in the simulation, because these methods are the 
responsibles of quantifying the thermodynamic aspects of the simulation, such as the vapour-liquid 
equilibria (VLE) and the liquid-liquid equilibria (LLE). 
There are three main points relevant about the ABE mixture that need to be kept in mind when 
choosing the property method: 
• The behaviour of the components is highly non-ideal. 
 
• Butanol and water mixture presents a heterogeneous azeotrope in the VLE diagram. 
 
• Ethanol and water mixture presents a homogeneous azeotrope in the VLE diagram. 
 
The highly non-ideal behaviour of the components can be quickly checked by looking at the enthalpy 
of mixing, as it is closer to zero, the behaviour is more ideal. This value is a consequence of the 
intermolecular interactions, when mixing components with very different molecular structures, these 
interactions are higher, leading to higher enthalpies of mixture. From this point, it can be inferred that 
the ideal behaviour is closer when mixing similar components. In ABE mixtures, the components taking 
part are quite different, that is why it is claimed the non-ideal behaviour [56]. 
The butanol-water VLE needs to be accurately calculated, since azeotropes present two different 
regions in the VLE diagram. This type of azeotrope is heterogeneous, which means that it can be found 
a miscibility gap. In certain compositions for a liquid butanol-water mixture there are two phases 
formed: organic and aqueous, with a constant composition in these phases. What changes is the total 
amount of each phase. The miscibility gap needs to be accurately calculated, because it plays an 
important role in the separation. 
The ethanol-water VLE diagram also presents an azeotrope. In this case, it is homogeneous, which 
means that it happens in the same phase. It is less important than the previous azeotrope, since 
ethanol is not the main component of the whole process. 
For checking the accuracy of the property methods, experimental data and results provided for the 
VLE, VLLE and LLE of different property methods are compared for butanol and water, since these are 
the two key components in the process. If experimental data and the calculated values fit, the 
simulation will obtain a model close to reality.  
One of the chosen property methods to test is the Non-Random Two Liquid model (NRTL). This is a 
model based on activity coefficients correlating them with the mole fractions in the liquid phase. It has 
three adjustable parameters determined through regression of experimental data. It is widely claimed 
in literature this specific property method is very accurate to represent the VLE. About the LLE, it is 
less claimed NRTL model does not provide good results for characterizing the organic and aqueous 
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phase formation, but in some papers, it can be found. In other cases, UNIQUAC has proved to correctly 
predict the LLE [48]. UNIQUAC is also a property method based on activity coefficient models. 
After having an overview of all the options Aspen Plus offers in the properties environment, it is chosen 
to check the following combinations of property methods and databases available in the program. 
The studied property methods are chosen according to what is more used in literature and also what 
provided relevant results in previous simulations. The selected ones are: 
• NRTL 
 
• NRTL-2 
 
• NRTL-RK 
 
• UNIQUAC 
 
Apart from the property methods, another key feature are the values of the parameters used. They 
depend on experimental data and there are different databases available in Aspen Plus. This means 
they have been obtained from different experimental data. The evaluated options are according to 
what provided good results in previous simulations and also some information reported in literature 
(this is less common to find in papers). The selected databases are: 
• VLE-IG 
 
• VLE-RK 
 
• LLE-ASPEN 
 
The LLE is always simulated at the atmospheric pressure and it will be checked in a range of 20 and 
100°C, including all the values taking part in the simulations and reaching the miscibility gap at 
atmospheric pressure for the VLLE diagram. The results obtained for the VLE, VLLE and LLE study are 
summarized in Fig. 30, 31 and 32. 
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Fig. 30. VLE and VLLE diagram for butanol-water mixture using the database VLE-IG and experimental data [57, 
58] 
 
When checking the calculated data for the VLE in Aspen Plus, it is discovered that the shape of the 
diagram is not correct, since there is a strange shape in the point of the azeotrope. The calculation 
done in the simulation program is not accurate, probably because of the presence of the miscibility 
gap. In VLE, it is only taking into consideration the formation of one liquid phase, so the global 
composition of the mixture leads to this strange shape. In Fig. 30 it can be checked the abnormal 
calculation for the composition and temperature near the azeotrope. 
For the VLLE, there is no strange shape in the azeotrope because the miscibility gap causes a separation 
in the liquid region in two phases. All the property methods provide the same results. Also, all the 
databases provide same results except when using LLE-ASPEN. It can be checked in “Appendix II: 
Additional information of the property method” a comparison of different databases using NRTL and 
a comparison of different property methods using the same database. Moreover, the calculated mole 
fractions fit with the experimental data. 
Another relevant thing in the VLLE diagram is the calculated miscibility gap. Experimental data shows 
this is located in a composition of approximately 0,02 and 0,42 mole fraction of butanol. The property 
method NRTL, however, places them in values of approximately 0,02 and 0,54. In addition, 
temperatures of experimental data in this region are slightly higher (about 1-2°C). This can be 
accepted, since the VLLE is only used in distillation columns and there the different phases do not play 
an important role. All these facts can be checked in Fig. 30. 
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Fig. 31. LLE diagram for butanol-water mixture using the same database LLE-ASPEN [57] 
 
 
Fig. 32. LLE diagram for butanol-water mixture using the same database LLE-ASPEN in the region near 20°C. 
[57] 
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The study of LLE proves that only the database LLE-ASPEN is accurate for this calculation. The other 
databases have problems for LLE calculations. For instance, sometimes only a few calculations are done 
and only for one phase, which means that no equilibria is reached, in other cases the calculation is 
wrong because the mole composition varies with temperature when there is only one phase and other 
kind of problems. 
Comparing UNIQUAC with experimental data, there is one deviation in the region near 20°C for the 
organic phase, where the calculated butanol mole fraction for the organic phase is approximately 0,45 
and in experimental data is 0,5. In the rest of the curve the results are in general similar (Fig. 31). There 
is also a slight deviation in the aqueous phase at 20ªC (Fig. 32). In this region, UNIQUAC is the property 
method fitting better with experimental data. 
It can be checked that the miscibility gap at 92°C has a mole fraction of 0,35 butanol according to 
experimental data in LLE (Fig. 31) and a value of 0,42 in VLLE also according to experimental data (Fig. 
30), when in theory they should be the same. This reflects there are differences depending on the 
source of literature data. 
The main conclusions after the study of the property method are: 
• In simulation, the thermodynamics in distillation columns are calculated using VLLE, not VLE. 
 
• The calculation of VLLE is done using the property method NRTL and the database VLE-IG. 
 
• The calculation of LLE in the decanter is done using the property method UNIQUAC with the 
database LLE-ASPEN. 
 
• The phases’ compositions for LLE at temperatures near 20°C is taken directly from 
experimental data. 
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4.2. Validation of the models 
 
The first step is to set up the simulation models in Aspen Plus and validate them and the results they 
propose in literature, to have the security that it is possible to obtain a simulation based on the 
information found and that it can be used afterwards varying some parameters (such as feed 
composition, products recovery or streams purity). 
The main purpose of this section is to reply as exactly as possible the simulations reported in literature. 
Some papers provide all the information necessary for performing an almost identical simulation. 
Some others only provide a few data, so only a few values can be checked and the process tends more 
easily to deviate from the original one in literature. This leads to make general assumptions or at least 
try to achieve the key values, such as products purities, recoveries and heat demand. The models 
validated are Chen et. al., 2018 and van Hecke et. al., 2016. Models from Wukovits et. al., 2018 studied 
in section “4.3 Comparison of the simulated cases” are not validated, since original files are available 
for their use (they were performed in Technology University of Vienna). 
The methodology and characteristics chosen in Aspen Plus for doing the validation are: 
• Distillation columns: 
o Use the Radfrac model. 
o Use Valid Phases: Vapour-Liquid-Liquid 
o Use Convergence: Standard as a first instance and Azeotropic as a second instance and 
if there is an azeotrope in the column. 
o Use Convergence: Costum and Calculation Method: Newton when the previous type 
of convergence does not work 
 
• Property method: 
o For the LLE: UNIQUAC with LLE-ASPEN database. 
o For the VLLE: NRTL with VLE-IG database. 
 
4.2.1. Chen et. al., 2018 
 
In Chen et. al., 2018 the data provided is relatively extensive, so the model has more probabilities to 
follow the idea suggested by the author. It includes two simulations: one following a conventional 
sequence and other with a recycle of ethanol stream in the azeotropic distillation. Both of them are 
based on boiling point, subgroup A. The data obtained from the paper is summarized in Table 9. 
 
  Chen (sub. A) Chen (sub. A with ethanol recycle) 
General information     
ISPR technique Pervaporation Pervaporation 
Property method 
NRTL (VLLE) and 
UNIQUAC (for the LLE) 
NRTL (VLLE) and 
UNIQUAC (for the LLE) 
Feed     
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Acetone concentration (g/L) 17,8 17,8 
Butanol concentration (g/L) 115,8 115,8 
Ethanol concentration (g/L) 191,4 191,4 
Temperature (°C) 25 25 
Pressure (bar) 1 1 
Broth column     
Nstages 20 20 
Feed location 10 10 
Pressure 110 kPa 110 kPa 
Distillate Temperature (°C) 76,4 76,4 
Bottoms Temperature (°C) 102 102 
Acetone column     
Nstages 70 70 
Feed location 30 30 
Pressure 134,5 kPa 134,5 kPa 
Distillate Temperature (°C) 55 55 
Bottoms Temperature (°C) 97,7 97,7 
Ethanol column     
Nstages 42 42 
Feed location 28 28 
Pressure 120 kPa 120 kPa 
Distillate Temperature (°C) 77,8 77,8 
Bottoms Temperature (°C) 99,6 99,6 
Butanol column     
Nstages 11 11 
Feed location 5 5 
Pressure 105 kPa 105 kPa 
Distillate Temperature (°C) 91,6 91,6 
Bottoms Temperature (°C) 119 119 
Water column     
Nstages 11 11 
Feed location 5 5 
Pressure 105 kPa 105 kPa 
Distillate Temperature (°C) 90,4 90,4 
Bottoms Temperature (°C) 101 101 
Decanter     
Temperature (°C) 20 20 
Results     
Energy demand (MJ/kg but) 15,23 13,42 
Acetone purity (%wt) 99,7 99,7 
Butanol purity (%wt) 100 100 
Ethanol purity (%wt) 95 95 
Table 9. Data available in Chen et. al., 2018 [48] 
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The first model reported by Chen et. al., 2018 follows the structure of distillation sequences based on 
boiling point: subgroup A. So, this one is defined as traditional model. The flowsheet is displayed in Fig. 
33 and the results of the model in Table 10 and Fig. 34. 
 
Fig. 33. Flowsheet for validation of Chen et. al., 2018 traditional model 
 
  Literature Simulation Deviation 
Feed flows (kg/h)       
Acetone 115,8 115,8 -- 
Ethanol 17,84 17,84 -- 
Butanol 191,4 191,4 -- 
Water 699,9 699,9 -- 
Feed composition (%wt)       
Acetone 11,30 11,30 -- 
Ethanol 1,74 1,74 -- 
Butanol 18,67 18,67 -- 
Water 68,29 68,29 -- 
Reflux ratio (mole basis)       
Beer col. -- 0,01 -- 
Ace. col. -- 9 -- 
Eth. col. -- 50 -- 
But. col. -- 0,1 -- 
Wat. col. -- 0,1 -- 
Products purities (%wt)       
Acetone 99,7 99,5 0,20% 
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Ethanol 95 93,5 1,58% 
Butanol 100 99,7 0,30% 
Products flows (kg/h)       
Acetone 115,8 115,5 0,20% 
Ethanol 17,69 17,58 0,63% 
Butanol 191,3 191,1 0,11% 
Products recovery (%)       
Acetone 99,9 99,7 0,20% 
Ethanol 99,2 98,6 0,63% 
Butanol 100 99,9 0,11% 
Heat demand       
Energy demand (MJ/kg) 15,23 15,39 1,06% 
Table 10. Results of the validation model compared with literature of Chen et. al., 2018 traditional model 
 
 
Fig. 34. Energy demands of the validation model compared to literature of Chen et. al., 2018 traditional model 
 
The beer column is simulated obtaining the same results of energy demands as in literature (5,03 and 
4,98 MJ/kg), with a reflux ratio of 0,01. 
In the acetone column, for achieving a value of 99,7%wt it is needed a value of reflux ratio very high 
(about 150), leading to an amount of energy higher than 10 times what is reported in the paper. It is 
selected to have a 99,5%wt purity of acetone and the same energy, with a lower value of reflux ratio 
of 9. 
In the ethanol column, even if increasing the reflux ratio to extremely large values (almost 200, 
compared to the finally chosen 50), the ethanol purity in the distillate does not achieve the claimed 
value of 95%wt. The reason of this can be the ethanol-water azeotrope. The ethanol column separates 
ethanol, water and butanol, ordered by boiling point. Ethanol has the lower one and water is the 
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second lower one. Since there is one azeotrope in the VLLE they cannot be further separated, it is 
impossible to get a distillate stream of ethanol free of water. So, it is selected to achieve 93,5%wt with 
the correspondent energy demand. 
The decanter presents problems in this simulation. It is only possible to achieve a purity of 93%wt 
butanol at the end of the process, when using a decanter. The separation of organic and aqueous phase 
does not follow experimental data. At 20°C, which is the temperature of the decanter, experimental 
data and the calculated one using the property method differ. This can be checked in section “4.1. 
Property method”. The solution for this problem is to replace the decanter for a splitter, where is 
possible to manually choose the concentrations of the organic and aqueous phase. These values are 
set at experimental data (50%mole butanol in the organic phase and 2%mole butanol in the aqueous 
phase) [58]. In Table 11, there is an extended view of the splitter performance. The column “Splitter 
without ethanol” is displayed in order to compare the phases’ distribution with experimental data, 
because as it has been said, the estimation of these values is according to butanol-water LLE. 
 
 
Experimental 
 data (%mole) 
Decanter 
(%mole) 
Splitter 
(%mole) 
Splitter without  
ethanol 
(%mole) 
Relative deviation  
Exp. Data - 
Decanter 
 Relatve deviation 
 Exp. Data - 
Splitter 
Organic phase             
Butanol 49,2 21,7 48,9 49,1 55,89% 0,11% 
Water 50,8 67,0 50,6 50,9 31,89% 0,11% 
Ethanol -- 11,2 0,56 -- -- -- 
Aqueous phase             
Butanol 2,03 4,13 2,01 2,0 103,45% 0,70% 
Water 98,0 90,5 97,7 98,0 7,62% 0,01% 
Ethanol -- 5,37 0,28 -- -- -- 
Table 11. Results for the splitter in Chen et. al., 2018 traditional model 
 
In the butanol column is observed a problem with ethanol. With very low values of ethanol 
(approximately a mass fraction of 6·10-4) going from the bottoms of the ethanol column to the 
azeotropic distillation it is impossible to achieve the claimed butanol purity. This is also a reason for 
the low purity of ethanol obtained in the ethanol column, because it is preferred to get as maximum 
as possible ethanol outside the process even if this means reducing the purity of the ethanol stream. 
The second model in Chen et. al., 2018 corresponding to the process based on boiling point presents 
one modification: instead of recycling the distillates of butanol and water column to the decanter, they 
are directed to the ethanol column. One of the main interesting things is to check if it is true that this 
recycle stream from the distillates in the azeotropic distillation to the ethanol column reduces the 
overall energy demand. This model is referred as recycle model. The flowsheet is displayed in Fig. 35 
and the results in Fig. 36 and Table 12. 
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Fig. 35. Flowsheet for validation of Chen et. al., 2018 recycle model 
 
  Literature Simulation Deviation 
Feed flows (kg/h)       
Acetone 115,83 115,83 -- 
Ethanol 17,84 17,84 -- 
Butanol 191,37 191,37 -- 
Water 699,9 699,9 -- 
Feed composition (%wt)       
Acetone 11,30 11,30 -- 
Ethanol 1,74 1,74 -- 
Butanol 18,67 18,67 -- 
Water 68,29 68,29 -- 
Reflux ratio (mole basis)       
Beer col. -- 0,01 -- 
Ace. col. -- 9 -- 
Eth. col. -- 25 -- 
But. col. -- 0,1 -- 
Wat. col. -- 0,1 -- 
Products purities (%wt)       
Acetone 99,7 99,5 0,20% 
Ethanol 95 93,4 1,68% 
Butanol 100 99,9 0,10% 
Products flows (kg/h)       
Acetone 115,75 115,52 0,20% 
Ethanol 17,69 17,56 0,73% 
Butanol 191,3 191,11 0,10% 
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Products recovery (%)       
Acetone 99,9 99,7 0,20% 
Ethanol 99,2 98,5 0,73% 
Butanol 100 99,9 0,10% 
Heat demand       
Energy demand (MJ/kg) 13,42 13,46 0,30% 
Table 12. Results of the validation model compared with literature of Chen et. al., 2018 recycle model 
 
 
Fig. 36. Energy demands of the validation model compared to literature of Chen et. al., 2018 recycle model 
 
The beer column and acetone column follow the same settings as the Chen et. al., 2018 traditional 
model, because the simulation is exactly the same until this point. 
The ethanol column cannot achieve the claimed value of 95%wt. It is fixed at the maximum possible 
respecting the energy demands (94,2%wt), which has a value of 25 for the reflux ratio. In the traditional 
model, this value is 50. By reducing the reflux ratio, the energy demand is also reduced. 
The decanter is again working at the temperature of 20 °C. So, the splitter is used again instead of the 
decanter obtaining the claimed separation in literature and the ethanol concentration is taken from 
the decanter calculations. In Table 13, the information of the splitter is displayed in the same way as 
in traditional model. 
The butanol and water columns need now more energy demand, because the distillate rate is 
increased, due to the new amount of ethanol going into the azeotropic distillation. This is one 
consequence of the reduction of the reflux ratio in the ethanol column. The butanol purity and 
recovery achieve the literature values. 
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Experimental 
 data (%mole) 
Decanter 
(%mole) 
Splitter 
(%mole) 
Splitter 
without  
ethanol 
(%mole) 
Relative deviation  
Exp. Data - 
Decanter 
 Relative deviation 
 Exp. Data - 
Splitter 
Organic phase 
mole fraction (%) 
      
      
Butanol 49,2 22,9 45,5 48,9 53,46% 0,56% 
Water 50,8 66,3 47,5 51,1 30,51% 0,54% 
Ethanol -- 10,9 7,04 -- -- -- 
Aqueous phase 
mole fraction (%) 
      
      
Butanol 2,03 3,95 1,93 2,00 94,58% 1,30% 
Water 98,0 91,0 94,4 98,0 7,11% 0,03% 
Ethanol -- 5,00 3,53 -- -- -- 
Table 13. Results for the splitter in Chen et. al., 2018 recycle model 
 
4.2.2. Van Hecke et. al., 2016 
 
In this paper the data is scarcely. Even if some details can be found, they are not enough to ensure a 
simulation exact to the one proposed by the author. So, in this case the process is tried to simulate 
satisfying the energy demands for each column and the products purities. Another problem is that the 
products recovery is not provided, so it is assumed to recover as maximum as possible, achieving values 
around the 100%. It is displayed the production of butanol (11.900 kg/h) and the composition of the 
feed (0,6%wt acetone, 1,2%wt butanol, 0,2%wt ethanol and 98%wt water), so the feed is known. 
However, it is not specified if this 11.900 kg/h of butanol are the amount of pure butanol or produced 
in the fermenter. It is assumed that 11.900 kg/h is the total amount going into the downstream. 
In addition, there is a pervaporation unit, as it is described in section “3.2. Models studied” with the 
only specification that 60% of the generated butanol is directed to this unit. So, for calculating the 
compositions of the pervaporate stream and the feed, it is used this value of 60% of the butanol going 
outside the membrane, the composition of the feed (the same as in the previous case) and the 
composition of the pervaporate, which is specified in the paper (4,9%wt acetone, 12,6%wt butanol, 
0,9%wt ethanol and 81,6%wt water). As it can be seen, in this case the total amount of products is 
different, except for butanol. This will need to be taken in account when giving the energy demands 
results, since this is an assumption and maybe the calculation in the paper does not get a 100% of 
recovery of products. 
The energy demand for each column is provided in this paper in units of MJ/h. So, by knowing the feed 
mass flow, every column can be more or less known how to operate. Moreover, the composition of 
each stream is also displayed. The two general things that are missing are the reflux ratio, which makes 
it difficult to find the correct solution for the columns, and the products recovery, which leads to the 
previous stated assumption. Another important thing is that in this paper the property method is NRTL 
for both VLE and LLE and it is used Chemcad 6.3.2 as the simulation program, not Aspen Plus. 
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  van Hecke (seq. B) van Hecke (seq. B with pervaporation) 
General information     
ISPR technique No Pervaporation for a secondary stream 
Property method NRTL NRTL 
Feed     
Acetone mass fraction (%wt) 0,6 0,6 (feed) and 4,9 (pervaporate) 
Butanol mas fraction (%wt) 1,2 1,2 (feed) and 12,6 (pervaporate) 
Ethanol mass fraction (%wt) 0,2 0,2 (feed) and 0,9 (pervaporate) 
Water mass fraction (%wt) 98 98 (feed) and 81,6 (pervaporate) 
Temperature (°C) 35 35 (feed) and – (pervaporate) 
Pressure (bar) 1 1 (feed) and – (pervaporate) 
Broth column     
Pressure (bar) 1 1 
Distillate Temperature (°C) 86,7 -- 
Bottoms Temperature (°C) 99,6 -- 
First column     
Pressure (bar) 1 1 
Distillate Temperature (°C) 59,4 -- 
Bottoms Temperature (°C) 95,7 -- 
Acetone column     
Pressure (bar) 1 1 
Distillate Temperature (°C) 55,9 -- 
Bottoms Temperature (°C) 76,8 -- 
Butanol column     
Pressure (bar) 1 1 
Distillate Temperature (°C) 92,9 -- 
Bottoms Temperature (°C) 117,4 -- 
Water column     
Pressure (bar) 1 1 
Distillate Temperature (°C) 92,8 -- 
Bottoms Temperature (°C) 99,6 -- 
Decanter     
Temperature (°C) 50,7 50,7 
Results     
Energy demand (MJ/kg but) 34,74 22,74 
Acetone purity (%wt) 99,03 99,03 
Butanol purity (%wt) 99,76 99,76 
Ethanol purity (%wt) 86,96 86,96 
Table 14. Data available in van Hecke et. al., 2016 [51, 55] 
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The first model in van Hecke et. al., 2016 follows the distillation structure based on boiling point, 
subgroup B (purification of acetone and ethanol in the same column). This model is referred as 
traditional model. 
A very helpful thing for this validation is that there is a chart with the composition and temperature of 
all the streams in the process. It is feasible to obtain the whole process following these values. 
However, by doing this the overall energy demand does not fit with the suggested in the paper (the 
deviation is around 10%). So, the compositions of the streams are tried to be as close as possible to 
these suggested values but giving priority to the energy demand. The flowsheet of the process is 
displayed in Fig. 37 and the results in Fig. 38 and Table 15. 
 
Fig. 37. Flowsheet for validation of van Hecke et. al., 2016 traditional model 
 
  Literature Simulation Deviation 
Feed flows (kg/h)       
Acetone 5.950 5.950 -- 
Ethanol 1.983 1.983 -- 
Butanol 11.900 11.900 -- 
Water 971.834 971.834 -- 
Feed composition (%wt)       
Acetone 0,60 0,60 -- 
Ethanol 0,20 0,20 -- 
Butanol 1,20 1,20 -- 
Water 98,00 98,00 -- 
Reflux ratio (mole basis)       
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Beer col. -- 0,10 -- 
Solv. col. -- 11 -- 
Ace. col. -- 3 -- 
But. col. -- 1,2 -- 
Wat. col. -- 1,1 -- 
Products purities (%)       
Acetone 99 97,2 1,82% 
Ethanol 87 84,3 3,10% 
Butanol 99,8 99,8 0,00% 
Products flows (kg/h)       
Acetone -- 5.779 -- 
Ethanol -- 1.817 -- 
Butanol -- 11.884 -- 
Products recovery (%)       
Acetone -- 97,1 -- 
Ethanol -- 91,6 -- 
Butanol -- 99,9 -- 
Heat demand       
Energy demand (MJ/kg) 34,74 34,81 0,19% 
Table 15. Results of the validation model compared with literature of van Hecke et. al., 2016 traditional model 
 
 
Fig. 38. Energy demands of the validation model compared to literature of van Hecke et. al., 2016 traditional 
model 
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The beer column is correctly simulated, obtaining the claimed value in literature of energy demand 
and a bottom stream free of solvents. 
The solvents column (the column following the beer column) has a lot of importance, because the 
configuration of it directly affects the amount of ethanol in the azeotropic distillation, which needs to 
be the minimum possible but it also affects the amount of water going into the acetone-ethanol 
separation, reducing the feasible purity of these two streams. 
The acetone column is adjusted to the claimed energy demand in literature, achieving the targets of 
purities of acetone and ethanol. In this case, it is possible to obtain the claimed values (99%wt acetone 
and 87%wt ethanol) with a high value of reflux ratio. However, this will lead to large energy 
requirements. It is set a purity of 97,2%wt acetone and 84,3%wt ethanol, compared to the values in 
the paper of 99%wt and 87%wt, respectively. This is achieved with a reflux ratio of 3. 
The azeotropic distillation is correctly obtained using the decanter with the LLE property method. In 
this case, the temperature of the decanter is 50,7°C and in this region experimental data and the 
calculated one provide the same results, so the decanter unit can be used. In Table 16, there is a 
comparison of experimental data and the decanter calculation. Butanol is obtained at the claimed 
values of purity and recovery of the paper. 
Additionally, this model presented less problems with ethanol in the simulation convergence 
compared with Chen et. al., 2018 traditional model, probably because of the lower purity demanded 
in the acetone column (87%wt ethanol). This low purity makes it possible to reduce the total amount 
of ethanol going inside the azeotropic distillation. 
 
 
Experimental 
 data (%mole) 
Decanter 
(%mole) 
Decanterr without  
ethanol 
(%mole) 
Relative deviation  
Exp. Data - 
Decanter 
Organic phase         
Butanol 45,6 42,9 43,8 3,90% 
Water 54,4 55 56,2 3,27% 
Ethanol -- 2,07 -- -- 
Aqueous phase         
Butanol 1,65 1,73 1,7 5,34% 
Water 98,4 97,8 98,3 0,14% 
Ethanol -- 0,53 -- -- 
Table 16. Results for the decanter in van Hecke et. al., 2016 traditional model 
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The second model in van Hecke et. al., 2016 includes a pervaporation stream going directly into the 
solvents’ column. In this case, the total amount of components going into the process is different of 
the previous one as well as the composition, due to the use of the pervaporation. This model is referred 
as pervaporation model. The flowsheet of the process is displayed in Fig. 39 and the results in Fig. 40 
and Table 17. 
 
Fig. 39. Flowsheet for validation of van Hecke et. al., 2016 pervaporation model 
 
  Literature Simulation Deviation 
Feed flows (kg/h)       
Acetone 280,8 280,8 -- 
Ethanol 93,60 93,60 -- 
Butanol 561,7 561,7 -- 
Water 45.870 45.870 -- 
Feed composition (%wt)       
Acetone 0,60 0,60 -- 
Ethanol 0,20 0,20 -- 
Butanol 1,20 1,20 -- 
Water 98,00 98,00 --- 
Pervap. flows (kg/h)       
Acetone 2.777 2.777 -- 
Ethanol 510 510 -- 
Butanol 7.140 7.140 -- 
Water 46.240 46.240 -- 
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Pervap. composition 
(%wt) 
      
Acetone 5,93 4,90 -- 
Ethanol 1,09 0,90 -- 
Butanol 15,25 12,60 -- 
Water 98,79 81,60 -- 
Reflux ratio (mole basis)       
Beer col. -- 3,05 -- 
Solv. col. -- 29,5 -- 
Ace. col. -- 6 -- 
But. col. -- 2,5 -- 
Wat. col. -- 1,5 -- 
Products purities (%)       
Acetone 99 98,9 0,10% 
Ethanol 87 86,8 0,23% 
Butanol 99,8 99,7 0,10% 
Products flows (kg/h)       
Acetone -- 3.016 -- 
Ethanol -- 536 -- 
Butanol -- 7.581 -- 
Products recovery (%)       
Acetone -- 98,7 -- 
Ethanol -- 88,7 ---- 
Butanol -- 98,4  
Heat demand       
Energy demand (MJ/kg) 22,74 22,79 0,21% 
Table 17. Results of the validation model compared with literature of van Hecke et. al., 2016 pervaporation 
model 
 
 
 
63 
 
 
Fig. 40. Energy demands of the validation model compared to literature of van Hecke et. al., 2016 
pervaporation model 
 
The beer column is correctly simulated, achieving the value of energy demand with a reflux ratio, in 
this case, of 3,05. The only difference with the other simulations is that now there is less amount of all 
the components in the feed stream. 
The solvents column gets in its feed the permeate stream mixed with the distillate of the beer column. 
The composition is approximately the same as the one in the traditional model. From this point, the 
model is close to the traditional model. 
The acetone column gets a stream with less water, due to the pervaporation unit. Here, it is possible 
to achieve almost the claimed values of purity. Acetone is obtained at 98,9%wt and ethanol at 
86,8%wt. 
The azeotropic distillation is more difficult to converge in pervaporation model and this affects to the 
product recovery of butanol, obtaining less recovery than the base case. The purity, however, gets a 
good value of 99,7%wt. 
In Table 18, the results of the decanter for this model are displayed. There is one deviation that seems 
to be high. However, this is a relative deviation and since the values of butanol mole fraction in the 
aqueous phase are low, with only a difference of 0,15 in this case the deviation is of 8%. 
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Experimental 
 data (%mole) 
Decanter 
(%mole) 
Decanterr without  
ethanol 
(%mole) 
Relative deviation  
Exp. Data - 
Decanter 
Organic phase         
Butanol 45,6 41,9 43,1 5,47% 
Water 54,4 55,3 56,9 4,58% 
Ethanol -- 2,67 -- -- 
Aqueous phase         
Butanol 1,65 1,77 1,8 8,06% 
Water 98,4 97,5 98,2 0,19% 
Ethanol -- 0,69 -- -- 
Table 18. Results for the decanter in van Hecke et. al., 2016 pervaporation model 
 
With more or less accuracy, all the papers are validated successfully in Aspen Plus. Even if some values 
are not exactly the same, it has to be taken in account some of the assumptions done and the missing 
data in the papers, which can be a serious lack of information. Now that the data of the models have 
been validated, we have the confidence that the models are accurate and they can be used for further 
studies. 
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4.2.3. Models for comparison 
 
After validating the chosen models from literature, the next step is to check the difference in results 
that they provide. Since every paper reports and uses different values of feed mass flow, targets of 
products purities and recoveries, use of ISPR techniques, variations of the main structure of the 
distillation sequence and others, in order to compare in a clearer way the different alternatives the 
target values that the simulations need to achieve are set as displayed in Table 19. 
 
Feed mass flow 10.000 kg/h 
Temperature 25 °C 
Pressure 1 bar 
Feed mass composition without ISPR (A:B:E:W) 0,0075 : 0,015 : 0,0025 : 0,975 
Feed mass composition with ISPR (A:B:E:W) 0,049 : 0,126 : 0,009 : 0,816 
Target for acetone purity 99,5%wt 
Target for butanol purity 99,5%wt 
Target for ethanol purity 90%wt 
Target for acetone recovery 99% 
Target for butanol recovery 100% 
Target for ethanol recovery 98% 
Table 19. Settings for the simulations 
 
The feed mass flow is taken from the simulation files of Wukovits et. al., 2018 (10.000 kg/h). The 
temperature and pressure are set at ambient conditions. There are two possible options for the feed 
flow composition, depending on the use of an ISPR technique in the fermenter or not. The first one is 
set at the values reported by van Hecke et. al., 2016, using a pervaporation unit with a 
polydimethylsiloxane (PDMS) membrane. It is chosen from van Hecke et. al., 2016 rather than Chen 
et. al., 2018 because the results are closer to recent pervaporation results obtained at the Technology 
University of Vienna [59].  The second one is fixed according Wukovits et. al., 2018, where is reported 
that it is an experimental commonly found value for ABE fermentation [31]. Purities and recoveries are 
also fixed according to the most common values in literature. These targets for products purities and 
recoveries are the wanted values to achieve, this means that if in some simulation it is unfeasible to 
achieve them, it will be the maximum as possible and later, when evaluating and comparing the 
different sequences, keep in consideration that the specified target has not been obtained. It is 
important because the priority in these simulations is to achieve the targets and later, to get the 
minimum energy demand. In the validation models the priority was to obtain a model as close as 
possible to the data and results reported in literature. So, in these cases they are studied and tried to 
be improved as maximum as possible. 
Ethanol is set at values of 90%wt for purity and 98% for recovery. This is lower compared to butanol 
and acetone, because the compared simulations belong to subgroups A and B. Subgroup A is thought 
for the distillation of ethanol, so this one could obtain higher values, but subgroup B is not thought for 
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higher values of ethanol purity. The target is fixed the same for all the cases because the comparison 
has to be fair. 
In the different models, the values changed for achieving these results are the reflux ratio and the 
distillate rate in the columns. The number of stages in each column will be the same as referred in 
literature, as well as its operating pressure and the decanter temperature. 
The following sections summarize the most relevant information of the simulations, as well as some 
aspects that are needed to be taken into consideration. There is a comparison between the validation 
simulations done before and the ones done here, to check the changes in results when changing the 
settings and targets. As it is said in the beginning, there are two options for the composition of the 
feed stream, depending if there has been done an ISPR technique or not on beforehand. All the models 
simulated are summarized in Table 20 in order to provide a general overview and clarify the 
characteristics and differences of them. 
 
Simulation name Paper Model Feed composition 
Chen traditional fermenter Chen et. al., 2018 1 (Traditional) Direct from fermenter 
Chen traditional ISPR Chen et. al., 2018 1 (Traditional) ISPR 
Chen recycle fermenter Chen et. al., 2018 2 (Recycle) Direct from fermenter 
Chen recycle ISPR Chen et. al., 2018 2 (Recycle) ISPR 
Van Hecke traditional fermenter Van Hecke et. al., 2016 1 (Traditional) Direct from fermenter 
Van Hecke traditional ISPR Van Hecke et. al., 2016 1 (Traditional) ISPR 
Van Hecke pervaporation fermenter Van Hecke et. al., 2016 2 (Pervaporation) Direct from fermenter 
Van Hecke pervaporation ISPR Van Hecke et. al., 2016 2 (Pervaporation) ISPR 
Wukovits A Wukovits et. al., 2018 Subgroup A Direct from fermenter 
Wukovits B Wukovits et. al., 2018 Subgroup B Direct from fermenter 
Table 20. Summary of the simulations studied 
 
4.2.4. Chen et. al., 2018 traditional models 
 
In Chen traditional fermenter simulation, the beer column assumes the role of increasing the 
concentration of solvents instead of using a previous separation technique. By doing this, after the first 
separation in the beer column the rest of the process is simulated with more similarities in streams 
compositions compared to the validation. Chen traditional ISRP follows the same distillation sequence 
but with higher solvents concentration in the feed. In this case, the model is closer from the beginning 
to the validation. 
As it happened in validation, the decanter is replaced by a splitter, specifying the concentration of the 
phases manually, because experimental data shows a deviation compared to the calculation of the 
decanter at this temperature. The final results achieved are displayed in Table 21. 
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  Validation 
Chen traditional 
fermenter 
Chen traditional 
ISPR 
Feed flows (kg/h)       
Acetone 115,83 75 490 
Ethanol 17,84 25 90 
Butanol 191,37 150 1260 
Water 699,9 9750 8160 
Feed composition (%wt)       
Acetone 11,30 0,75 4,90 
Ethanol 1,74 0,25 0,90 
Butanol 18,67 1,50 12,60 
Water 68,29 97,50 81,60 
Reflux ratio (mole basis)       
Beer col. 0,01 0,1 0,1 
Ace. col. 9 10 9,8 
Eth. col. 50 26 25 
But. col. 0,1 0,1 0,1 
Wat. col. 0,1 0,1 0,1 
Products purities (%)       
Acetone 99,5 99,5 99,5 
Ethanol 93,5 90 90 
Butanol 99,9 99,5 99,5 
Products flows (kg/h)       
Acetone 115,52 74,63 489,54 
Ethanol 17,58 24,57 90 
Butanol 191,3 149,95 1259,67 
Products recovery (%)       
Acetone 99,7 99,5 99,9 
Ethanol 98,6 98,3 100 
Butanol 100 100 100 
Heat demand       
Energy demand (MJ/kg) 15,19 35,88 12,82 
Table 21. Results for Chen traditional simulations 
 
The beer column is the first concentration unit, responsible of removing water. If an ISPR technique is 
done (validation and Chen traditional ISPR simulation), the amount of water to remove here is 
significantly lower. It is configured to have the minimum energy demand enough for ensuring that 
there is no loss of solvents in the bottoms. 
Acetone and ethanol columns are performed to reach the targets with the minimum energy demand. 
Ethanol column does not provide any change when changing the reflux ratio. For instance, the 
separation is exactly the same when setting it at 25 or 50. 
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The azeotropic distillation is difficult to converge, because of the presence of ethanol. Accumulation 
of ethanol has two negative effects: it has negative impact over the process convergence and it makes 
it impossible for the butanol column to achieve higher values of purity. This has been checked in the 
simulation: when only about 1 kg/h arrives at the decanter (keeping in mind that the total mass flow 
going into the process is 25 kg/h) a maximum of 84%wt of butanol is achieved, which is quite low. The 
purity of ethanol in the outlet stream is directly related with the amount of ethanol going into the 
azeotropic distillation. For instance, if the purity of ethanol is increased, this means that the distillate 
flow is lower and consequentially ethanol flow going into the decanter is also increased.  
The results obtained for the comparison model are significantly good, since all the targets are satisfied. 
About the different overall energy demand of the process, it can be better understood by looking at 
Fig. 41. 
 
 
Fig. 41. Energy demands for Chen traditional simulations 
 
The only energy demand which differs notably is the one in the beer column in Chen traditional 
fermenter. As it is explained before, its function is to replace the use of an ISPR to increase solvents 
concentration. This is energetically expensive, as it has been checked. After this column, the 
composition achieved in the distillate is more or less similar to the one reported in literature, leading 
to close energy consumptions. The overall energy consumption in the validation model without the 
beer column is 10,81 MJ/kg and in Chen traditional fermenter 10,24 MJ/kg, which reaffirms the fact 
that the beer column replaces the ISPR technique, the rest of the process has the same energy demand. 
Chen traditional ISPR has closer values to validation, because even if its feed does not have the same 
composition, it is also pre-concentrated with an ISPR technique. 
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4.2.5. Chen et. al., 2018 recycle models 
 
Chen recycle fermenter includes the recycle stream from the distillates in azeotropic columns to the 
ethanol one, to avoid accumulation. This is the only change, which means that the beer and acetone 
columns follow the same parameters and obtain the same results as Chen traditional fermenter. Chen 
et. al., 2018 reported that by doing this recycle, the heat demand in the ethanol column decreases, 
but in the two last columns slightly increases, due to the new high amount of ethanol treated. Chen 
recycle ISPR is closer to the validation, since in this case the feed compositions are closer. In a similar 
way like Chen recycle fermenter, the first two columns are the same as the ones in Chen traditional 
ISPR, which means that they provide the same results. 
It is done also the approximation with a splitter to experimental data composition in LLE. The final 
results are displayed in Table 22. 
 
  Validation 
Chen recycle 
fermenter 
Chen recycle 
ISPR 
Feed flows (kg/h)       
Acetone 115,83 75 490 
Ethanol 17,84 25 90 
Butanol 191,37 150 1260 
Water 699,9 9750 8160 
Feed composition (%wt)       
Acetone 11,30 0,75 4,90 
Ethanol 1,74 0,25 0,90 
Butanol 18,67 1,50 12,60 
Water 68,29 97,50 81,60 
Reflux ratio (mole basis)       
Beer col. 0,01 0,1 0,1 
Ace. col. 9 9,5 9,8 
Eth. col. 25 27 25 
But. col. 0,1 0,1 0,1 
Wat. col. 0,1 0,1 0,1 
Products purities (%)       
Acetone 99,5 99,5 99,5 
Ethanol 93,4 90,7 90,3 
Butanol 99,9 99,5 99,5 
Products flows (kg/h)       
Acetone 115,52 74,63 489,54 
Ethanol 17,56 24,49 89,85 
Butanol 191,11 150,05 1259,67 
Products recovery (%)       
Acetone 99,7 99,5 99,9 
Ethanol 98,5 98 99,8 
 
 
70 
 
Butanol 99,9 100 100 
Heat demand       
Energy demand (MJ/kg) 13,4 33,51 12,79 
Table 22. Results for Chen recycle simulations 
 
The two first columns are performed in the same way as the Chen traditional model. 
The change of the recycle of ethanol compared to Chen traditional simulations provided an overview 
of how this innovation increased the convergence of the simulation. Now, it has been possible to 
perform more alternatives in the last 3 columns, trying more combinations of distillate rates in the 
butanol and water columns and different settings in the ethanol column, because now the total mass 
flow of the ethanol recycle can be chosen, not as it happened in validation models, where the values 
are given. Now it is set the recycle that obtains the lowest energy requirements. Targets for products 
purities and recoveries are satisfied 
The overall energy demand, like in the simple version, can be more easily comprehended with Fig. 42. 
 
 
Fig. 42. Energy demands for Chen recycle simulations 
 
All the columns present energy demands quite close to the process, except for the beer column in 
Chen recycle fermenter. As it happened in Chen traditional fermenter, this column plays the role of 
concentrating the solvents, where in literature this is done by an ISPR technique with less energy 
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consumption. In the validation model the energy consumption after the beer column is 7,99 MJ/kg and 
in Chen recycle fermenter 7,87 MJ/kg. 
In this case, there is one remarkable change comparing to Chen et. al., 2018: the azeotropic distillation 
reduces the energy demand compared to Chen traditional models. This can be a consequence of the 
lower purity of ethanol, because more water can go out of the process by this way. 
 
4.2.6. Van Hecke et. al., 2016 traditional models 
 
Van Hecke et. al., 2016 traditional model starts without any ISPR technique in the paper, which means 
that the reported feed composition in the paper has similar values to the chosen ones for Van Hecke 
traditional fermenter. However, the composition in each column is now changed with the aim of 
obtaining lower energy demands. Van Hecke traditional ISPR simulation has an ISPR technique 
composition, which means that it is not the composition for what the process has been thought. 
In this case the decanter properly calculates the phase splitting with the chosen property method. The 
results achieved are displayed in Table 23. 
 
  Validation 
van Hecke 
traditional 
fermenter 
van Hecke 
traditional 
ISPR 
Feed flows (kg/h)       
Acetone 5.950 75 490 
Ethanol 1.983 25 90 
Butanol 11.900 150 1.260 
Water 971.834 9.750 8.160 
Feed composition (%wt)       
Acetone 0,60 0,75 4,90 
Ethanol 0,20 0,25 0,90 
Butanol 1,20 1,50 12,60 
Water 98,00 97,50 81,60 
Reflux ratio (mole basis)       
Beer col. -- 0,1 0,1 
Solv. col. -- 8 25 
Ace. col. -- 12 10 
But. col. -- 0,1 0,1 
Wat. col. -- 0,1 0,1 
Products purities (%)       
Acetone 97,2 99,1 99,2 
Ethanol 84,3 90,6 90 
Butanol 99,8 99,5 99,5 
Products flows (kg/h)       
Acetone 5778,54 74,33 488,06 
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Ethanol 1816,67 24,51 88,2 
Butanol 11884,18 149,95 1.259,67 
Products recovery (%)       
Acetone 97,1 99,1 99,6 
Ethanol 91,6 98 98 
Butanol 99,9 100 100 
Heat demand       
Energy demand (MJ/kg) 34,81 34,36 17,18 
Table 23. Results for van Hecke traditional simulations 
 
In both van Hecke traditional simulations, the same problems or facts are reported in both cases. This 
means that the different feed composition does not necessarily mean a change in the simulation 
characteristics. 
The beer column in van Hecke traditional fermenter achieves lower values of recovery of water in the 
distillate compared to literature. In the paper, it is reported that the mass fraction of water in this 
stream is about 80%wt. By trying to obtain this value, not only a bigger amount of water is going in the 
process, but also the energy demand increases. For instance, if the composition reported in the paper 
is simulated (80%wt water in the distillate) in van Hecke traditional fermenter simulation, the energy 
demand for the beer column goes up to 40 MJ/kg, twice the value of the whole process in van Hecke 
et. al., 2016. At the view of these facts, it is preferred not to follow the composition of the paper and 
to reduce both energy demand of this column and fraction of water going into the process. For van 
Hecke traditional ISPR the beer column does not present these problems because an ISPR has been 
performed and there is no need of removing a large amount of water. 
The solvents column is one of the most determining parts. In this column, it is separated acetone and 
ethanol in the distillates and water and butanol in the bottoms. Ordered by volatility, the components 
are acetone, ethanol, water and butanol, which means that ethanol and water are the closer ones 
going to different streams (distillate and bottoms). In the distillate, there is a significant fraction of 
water and in the bottoms there is also a low portion of ethanol, because the separation is not perfect. 
What it is important in this column is to increase the distillate rate to a certain point. This point has to 
be fair with both a low fraction of ethanol in the bottoms (which will affect the butanol targets in the 
azeotropic distillation) and a not so high portion of water in the distillate (which will reduce the feasible 
purity of acetone and ethanol). In addition, there is no significant change in the composition of both 
bottoms and streams when increasing the reflux ratio to logical ranges. Of course, if the reflux ratio is 
set at 30 the separation will be almost perfect, but the energy demand will be infeasible. 
In the acetone column, the acetone purity is not achieved at the fixed target of 99,5%wt for both 
simulations. This value can be higher, but it needs a higher reflux ratio. It is important to remark that 
in literature the claimed value of acetone purity is 99%wt, so the settings are thought for this value. 
Since acetone and ethanol are purified in the same column, they are directly related: as more distillate 
rate more recovery of acetone and less purity, and less recovery of ethanol but higher purity. Ethanol 
is easier to obtain, also because its target for purity is lower. 
The final butanol recovery and purity are the achieved according to the targets with the minimum 
energy demand. 
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Fig. 43. Energy demands for van Hecke traditional simulations 
 
The energy demands are significantly different in each case (Fig. 43). 
Beer column depends mainly on the composition of the feed. Van Hecke traditional fermenter provides 
higher energy demand compared to validation, even if both of them do not have an ISPR technique 
done on beforehand. In this case, it is preferred to remove more water in the beer column compared 
to validation, even if this means more energy requirements. By doing this, the azeotropic distillation is 
improved, as it is explained in the following corresponding part. Van Hecke traditional ISPR presents 
the typical results for a beer column done before an ISPR technique.  
The solvents column is more energetically expensive depending on the total amount of acetone and 
ethanol in the process. Van Hecke traditional fermenter has less requirements since the amount of 
components is lower and van Hecke traditional ISPR needs to separate a higher quantity of solvents. 
In the acetone column, however, the reflux ratio is more determining the energy demand, that is why 
now the demand is quite different compared to the amount of products for each simulation. The 
fermenter consumption is higher than the ISPR one, due to probably the amount of water going in this 
column (higher in fermenter simulation than ISPR simulation). For instance, in van Hecke traditional 
fermenter, if it is intended to increase a 0,2% in weight the purity of acetone, the energy demand in 
this column is three times the value reported in literature. So, at the view of this fact, it is chosen to 
have a considerably high acetone purity of more than 99%wt without making an expensive energy 
consumption, which will make it dangerous for the feasibility of the whole process. 
Azeotropic distillation presents enhanced results for both simulations compared to validation. The 
beer column now has been set in both simulations to remove a larger quantity of water compared to 
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validation. As now there is less water in this section of the downstream, these columns work with 
lower distillate rates and consequentially, less energy demands. 
The overall energy demand for van Hecke traditional fermenter is close to the validation, since both of 
them have close composition in the feed. Van Hecke traditional ISPR, as it is an ISPR one, requires less 
energy demand. 
 
4.2.7. Van Hecke et. al., 2016 pervaporation models 
 
The pervaporation model presents one difference to previous calculations, in this case there are two 
inlet streams. The first one, going into the process from the fermenter (with fermenter or ISPR 
composition depending on the simulation). The second one is mixed with the distillate of the beer 
column, before the solvents column, with the composition resulting of a previous pervaporation step. 
In this case, it is taken the reported composition by van Hecke et. al., 2016 of 0,049 : 0,126 : 0,009 : 
0,816 (A:B:E:W), which is the same as the used composition for estimating the use of ISPR techniques. 
So, van Hecke pervaporation fermenter simulation presents different feed composition for the two 
streams, since the main one comes directly from the fermenter and the second one has passed through 
a pervaporation unit. Van Hecke pervaporation ISPR, however, presents both streams at the ISPR 
concentration. This model is also studied because, even if van Hecke et. al., 2016 studies the effect on 
the beer column by reducing the feed mass flow that this one needs to treat, the introduction of ISPR 
technique also in the main feed stream can provide different results. 
Another change compared to the validation model is that the feed temperature is now set to 25°C 
instead of 93°C, since this is the parameter set for comparison of the models. 
The results for these simulations are displayed in Table 24. 
 
  Validation 
van Hecke 
pervaporation 
fermenter 
van Hecke 
pervaporation 
ISPR 
Feed flows (kg/h)       
Acetone 3.058 30 196 
Ethanol 604 60 36 
Butanol 7.702 10 504 
Water 92.110 3.900 3.264 
Feed composition (%wt)       
Acetone 2,96 0,75 4,90 
Ethanol 0,58 1,50 0,90 
Butanol 7,44 0,25 12,60 
Water 89,02 97,50 81,60 
Pervap. flows (kg/h)       
Acetone 2.777 35 294 
Ethanol 510 6,43 756 
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Butanol 7.140 90 54 
Water 46.240 583 4896 
Pervap. composition 
(%wt) 
      
Acetone 2,68 4,90 4,90 
Ethanol 0,49 0,90 12,60 
Butanol 6,90 12,60 0,90 
Water 44,69 81,60 81,60 
Reflux ratio (mole basis)       
Beer col. -- 6,1 1,7 
Solv. col. -- 20 20 
Ace. col. -- 11 12 
But. col. -- 0,1 0,1 
Wat. col. -- 0,1 0,1 
Product purities (%)       
Acetone 98,9 99,1 99,3 
Ethanol 86,8 91 90,2 
Butanol 99,7 99,5 99,5 
Product flows (kg/h)       
Acetone 3016,45 64,76 486,57 
Ethanol 535,56 16,11 86,59 
Butanol 7581,19 149,95 1.258,68 
Product recovery (%)       
Acetone 98,7 99,6 99,3 
Ethanol 88,7 98 96,2 
Butanol 98,4 100 99,9 
Heat demand       
Energy demand (MJ/kg) 22,79 25,12 14,7 
Table 24. Results for van Hecke pervaporation simulations 
 
The beer column does not work with low reflux ratios. In almost all the previous simulations, the reflux 
ratio for this column is set at around 0,1, depending on the case. In the current cases, this value is need 
to be set higher. In van Hecke traditional fermenter simulation the amount of water is higher, which 
needs higher reflux ratio to perform the separation. In van Hecke traditional ISPR, the ISPR composition 
makes it easier to achieve lower values of reflux ratio. But in the case of van Hecke pervaporation 
simulations, the total feed going into the process is reduced, making it more difficult to separate 
correctly the solvents without any loss in the bottoms stream. The only way of avoiding this loss of 
solvents is by increasing the reflux ratio, to 6,1 in the case of fermenter composition and 1,7 in the 
case of ISPR composition. 
The solvents column presents the same characteristics as van Hecke traditional simulations, the 
balance between the amount of ethanol going into the azeotropic distillation, which affects the final 
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purity of butanol and the amount of water going in the acetone column, which affects the final purities 
of ethanol and acetone. 
The acetone column achieves good values but it does not reach the fixed targets. For van Hecke 
pervaporation fermenter simulation acetone purity is 99,1%wt and for van Hecke pervaporation ISPR 
simulation acetone purity is 99,3%wt and ethanol recovery 96,2%. These values have been the 
maximum achieved giving priority to butanol targets, as it happened with van Hecke traditional 
models. 
Butanol is achieved at the targets of purity and recovery, mainly because the total amount of ethanol 
going into this part is reduced, which means more difficulties for the acetone and ethanol correct 
purities and recoveries. 
 
 
Fig. 44. Energy demands for van Hecke pervaporation simulations 
 
Compared to the van Hecke traditional versions, the beer column has a significant reduced energy 
demand. As it can be seen, the increase on the reflux ratios does not affect the heat demand in this 
column, because now the values of reflux ratio are 6,1 and 1,7 but the energy demands are not so 
high. Moreover, van Hecke pervaporation ISPR simulation presents a reduced energy demand due to 
the less mass flow going inside this column. 
The solvents column presents higher energy demand for fermenter composition than ISPR 
composition, because now the second one has less water in the feed for this column, since both 
streams (main feed of the process and pervaporation stream) are with an ISPR composition initially. 
The main feed stream has been even more concentrated in the beer column, which makes this column 
easier to perform, with lower energy demands respecting the later targets that need to be achieved. 
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The acetone column presents more or less the same value, because the separation and compositions 
are similar. Compared to validation, however, this value is higher. This is because the validation model 
has purities of 98,9%wt of acetone and 87%wt of ethanol. This reason also explains the increase of 
energy demand in the solvents’ column. 
In the azeotropic distillation, the water column presents the same values but the butanol one is 
different. This difference of about 1,15 MJ/kg can be explained with the different total amount of 
butanol. In van Hecke pervaporation fermenter simulation there is only 1,5%wt of butanol, making it 
more difficult to separate it. In van Hecke pervaporation ISPR simulation the higher value of 12,6%wt 
makes it more feasible to achieve the target, since the higher amount of butanol makes the reflux to 
the decanter be lower. In addition, the amount of ethanol going into the azeotropic distillation is also 
a key factor. Van Hecke pervaporation fermenter simulation has 25 kg/h of ethanol for 150 kg/h of 
butanol when van Hecke pervaporation ISPR simulation has only 90 kg/h ethanol for the total amount 
of 1260 kg/h of butanol. This has a large impact on the separation of butanol at the end of the process. 
 
4.2.8. Wukovits et. al., 2018 
 
The simulations corresponding to Wukovits et. al., 2018 have been developed at TU Wien previously, 
so in this thesis they are only checked and studied as reference models for the original models of the 
based on boiling point distillation sequences. The two simulations are corresponding to subgroup A 
(Wukovits A) and subgroup B (Wukovits B), which have been explained in section “3.1.1. Based on 
boiling point”. Both of them are performed only with the fermenter composition. In this section this 
two models are only briefly commented in order to understand a little bit better how they work. 
Results are displayed in Table 25. 
 
  Wukovits A Wukovits B 
Feed flows (kg/h)     
Acetone 75 75 
Ethanol 25 25 
Butanol 150 150 
Water 9750 9750 
Feed composition (%wt)     
Acetone 0,75 0,75 
Ethanol 0,25 0,25 
Butanol 1,50 1,50 
Water 97,50 97,50 
Reflux ratio (mole basis)     
Beer col. 25,9 35,8 
Ace. / Solv. col. 8,9 9,5 
Eth. / Ace. col. 23,9 2,7 
But. col. 18,6 13,9 
Wat. col. 1,8 1,7 
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Product purities (%)     
Acetone 99,5 99,5 
Ethanol 60 62,2 
Butanol 99,5 99,5 
Product flows (kg/h)     
Acetone 74,63 74,92 
Ethanol 18,29 6,53 
Butanol 144,67 147,76 
Producs recovery (%)     
Acetone 99,5 99,9 
Ethanol 73,2 26,1 
Butanol 96,4 98,5 
Heat demand     
Energy demand (MJ/kg) 22,34 17,01 
Table 25. Results for Wukovits A and B simulations 
 
In these two models, ethanol is not purified at the stated targets, because it is not considered a product 
of interest and the purification of it will suppose an extra amount of energy demand. Especially in 
Wukovits B the recovery is very low, since this subgroup is not thought for obtaining pure ethanol. 
Acetone and butanol are correctly obtained at the targets of purity. The recovery of butanol, however, 
is slightly under the stated target. This makes the downstream processing less energy intensive. 
The energy demands for each column are displayed in Fig. 45.  
 
 
Fig. 45. Energy demands for van Hecke pervaporation simulations 
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Beer columns present different values between the simulations, since depending on the simulation 
there is a higher loss of ethanol. Wukovits B has less energy demand because more ethanol is being 
lost in this column and later the recovery is lower. Wukovits A, however, since is corresponding to 
subgroup A, the following acetone column does not have problems if there is more ethanol. 
The acetone column for Wukovits A does not present problems and the solvents column for Wukovits 
B presents less energy consumption compared to van Hecke traditional simulation because of the less 
amount of ethanol going into it. 
In Wukovits A, the ethanol column plays an important role, in the same way as in Chen traditional 
simulation, because it needs to avoid ethanol going into the azeotropic distillation. It is preferred to 
give an important value of the overall energy demand in this part to get later an easier azeotropic 
distillation. Wukovits B has acetone column which is an easy separation to perform, requiring relatively 
low values of heating. 
Finally, the azeotropic distillation for both models have closer values. This is possible, in part, because 
there is almost no ethanol going in this part. So, it is very easy to obtain high purity and recovery of 
butanol. 
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4.3. Comparison of the simulated cases 
 
After simulating all the selected processes from literature, it is necessary to do a summary and a 
comparison of the results obtained. The key features in these processes are the products purities, 
recoveries and energy demands. There are distinguished the simulations using directly the feed 
composition from the fermenter and others using a feed composition from the use of an ISPR 
technique, because of the difference in results that they provide. It is important to remark the 
Wukovits’ simulations present ethanol purity of 60% and recoveries under the targets, because 
basically the model is not focused on purifying ethanol. 
First are described the results for “fermenter composition”. For these models, the targets and results 
are summarized in Fig. 46, 47 and 48. All the energy demands are taking in account only the duty of 
the reboilers of the process. The overall energy demand will be considered in further sections. 
 
 
Fig. 46. Products purities for simulations with fermenter composition 
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Fig. 47. Products recoveries for simulations with fermenter composition 
 
All the simulated processes achieve the minimum targets for recoveries and purities, apart from 
Wukovits simulations that do not perform the purification of ethanol, for saving more energy. Van 
Hecke simulations are slightly below the targets, but when looking at Fig. 46, this difference is almost 
negligible. In the paper, the purity of acetone is set at 99% and the purity of ethanol at 87%wt. Even if 
the feed composition in the validation (according to the paper) has also a little more of acetone and 
ethanol compared to the conditions set for comparison simulations, it is not possible to achieve the 
targets. However, the obtained values are still close to the targets of acetone (a difference of 0,4%wt), 
which makes these simulations still relevant. Moreover, butanol is correctly distilled in this process, 
which is the most important product. 
 
 
Fig. 48. Energy demands for simulations with fermenter composition 
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About energy demand (Fig. 48), Wukovits simulations present the lowest values. They are the best 
simulations, if the purification of ethanol is not needed. If ethanol needs to to be purified, it is possible 
to estimate the overall energy demand of this process. Taking as a reference the value of 4,7 MJ/kg for 
the ethanol column in Chen traditional fermenter, even if adding this value to these distillation 
sequences, Wukovits simulations will still be relevant. In this case, Wukovits A will be close to van 
Hecke pervaporation fermenter. However, there is an important thing to remark about this model. It 
needs to be taken in account the use of a pervaporation unit for a secondary feed stream, which 
consumes an important amount of heat, since one is vaporizing constantly the fermentation broth. As 
a reference value, van Hecke et. al., 2016 calculated 16,53 MJ/kg for performing the pervaporation 
unit [51]. This value can only be taken as an estimation, because the model has been changed 
compared to the one calculated in the paper. But if this value is added, then this process goes out of 
the best options. 
Chen simulations and van Hecke without any pervaporation stream are quite close and all of them are 
models for obtaining the three products purified, at least at the stated targets. The differences among 
them are very small, since the difference between them is less than 2,4 MJ/kg. This makes more 
important the heat integration, because maybe one process presents more options for savings of 
energy than others. 
After the results for the fermenter compositions, now the ISPR composition targets and results are 
displayed in Fig. 49, 50 and 51. 
 
 
Fig. 49. Products purities for simulations with ISPR composition 
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Fig. 50. Products recoveries for simulations with ISPR composition 
 
Chen simulations achieve the targets for both purities and products recoveries. Van Hecke simulations, 
however, do not achieve the purity for acetone in neither traditional or pervaporation model and the 
ethanol recovery is not achieved only in pervaporation. However, this difference is almost negligible 
when looking at Fig. 49 and 50. The problems and the solutions adopted for the purification of these 
streams has been explained in the description of the simulations. Butanol is correctly achieved in all 4 
simulations, which is more important.  
 
 
Fig. 51. Energy demands for simulations with ISPR composition 
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In the comparison of energy demands among all the ISPR simulations (Fig. 51), there are two possible 
best options - the two Chen simulations. The similarity between the two energy demands proves that 
the recycle of ethanol does not mean an improvement in energy demand for these models. In the 
original model in Chen et. al., 2018 paper, however, this improvement is demonstrated. After 
modifying the model in this thesis, there are some values changed (the mass flows of the streams, for 
instance) and the energy demands are almost the same. 
For van Hecke, the pervaporation model is better, but it is important to remark that while fermenter 
composition only has to provide the energy demand for the side pervaporation unit, the ISPR 
composition simulation has to perform the ISPR both in the main feed stream and the pervaporate 
side stream. Keeping this in mind and taking as a reference the value of 16,53 MJ/kg reported in the 
original paper of van Hecke et. al., 2016 [51], the difference of less than 2,5 MJ/kg between these two 
models leads to think that the traditional model is better. 
Obviously, the use of ISPR techniques reduces the energy demands compared to fermenter 
composition, since in this case the total amount of water to be removed is lower. Nevertheless, the 
ISPR technique used in all these four simulations is a pervaporation, which has an energy demand that 
is not taken into account in the simulation. 
In both cases (fermenter and ISPR concentration) the best structure corresponds to subgroup A, for 
having the three products purified at the targets at low energy demands. The columns with more 
energy demand for this subgroup are beer and ethanol column. For improving this type of distillation 
sequences, one important step is to try to reduce the energy demands of these columns. 
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5. Heat integration 
 
The optimization of the energy requirements in the distillation sequences are determined through the 
pinch analysis. That is why it is important to include a brief section explaining, reviewing and justifying 
the logic and suitability of this method to obtain a good heat exchangers network for making the 
optimal profit of the heat streams. This section explains the basis of pinch analysis that is later used in 
the improvement of heat demands of the models. 
 
5.1. Pinch analysis 
 
Pinch analysis can be widely defined as a methodology based on the use of some principles and rules 
with the main goal of reducing the external energy requirements of a process, through the use of a 
heat exchangers network. In a process there are thermodynamically two possibilities: streams that 
need to be heated and streams that need to be cooled. It can be used the off-heat of the stream that 
needs to be cooled (known as hot stream) to warm the stream that needs to be warmed (known as 
cold stream). By doing this, it is avoided the use of external heat for cooling and heating these two 
streams, respectively. So, since in a large process it can be found a big number of streams involving 
temperature changes, the number of feasible combinations of hot and cold streams can be impossible 
to manage and, consequently, studying all of them without a good pattern can be a considerable 
quantity of work. At this point, the pinch analysis is useful [60]. 
Pinch analysis consists of some rules and principles to perform an approximation to the best solution 
for a heat integration problem. This means determining which matches of hot and cold streams are 
needed in all the heat exchangers. All this method is thought around the pinch point. This is the 
temperature of hot and cold streams that presents minimum difference. One of the main bottlenecks 
in the pinch analysis is found in the second law of thermodynamics: it is unfeasible to warm a hot 
stream with a cold stream, or as it is the same, heat only flows from hot bodies to cold ones [60].  
One of the most useful tools for making an analysis of the options in the process and for having a quick 
view of the possible total amount of heating and cooling that could be saved is the temperature-
enthalpy diagram. This diagram represents the heat load of a stream compared to the total interval of 
temperature that has to be overcome. Taking a constant value of specific heat (Cp), the relation 
between enthalpy and temperature is [60]: 
 
𝑄 = ∫ 𝑚 𝐶𝑝 𝑑𝑇
𝑇𝑇
𝑇𝑆
= 𝑚 𝐶𝑝 (𝑇𝑇 − 𝑇𝑆) = ∆𝐻 
 
Where m is the mass flow of the stream, Cp the specific heat of the stream and TT and TS are the initial 
and final temperatures of the stream. 
Following that, the slope of the line in the diagram is [60]: 
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𝑑𝑇
𝑑𝑄
=
1
𝐶𝑝
 
 
Thus, because the components with higher values of specific heat require more heat to increase 
temperature and consequently, present lower slopes. In the other way, components with lower values 
of specific heat require less energy for increasing a certain interval of temperature and their slopes are 
higher. As a special case, it is important to remark the particular scenario of streams involving 
vaporization or condensation. In this specific situation, the slope of the line is zero because there is an 
interchange of heat but without changing the temperature and the result is a horizontal line [60].  
It is also possible to represent the behaviour inside a heat exchanger with this diagram. If in a 
temperature-enthalpy diagram it is represented two streams, one that is cooling and the other one 
that is heating, taking place inside a heat exchanger, the reality is that this diagram becomes a suitable 
representation of the evolution of the two streams temperature, as they exchange heat along the 
exchanger. This can be seen in Fig. 52 [60]. 
 
 
Fig. 52. Temperature-Enthalpy diagram for two streams [60] 
 
It can be appreciated in Fig. 52 that the streams only exchange energy in the middle zone of “Heat 
recovery”. The zones in the sides are the total amount of external cooling and heating, which do not 
take part in the heat exchanger [60].  
This is a simple case with only two streams, but in a real industrial process, it is more common to 
handle with multiple hot and cold streams. In this case, the construction in the temperature-enthalpy 
diagram is called composite curve. It is done by looking at which streams are taking part in every 
interval of temperature. The sum of the Cp of all the streams will provide the slope [60]. 
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Fig. 53. Example of the construction of a composite curve [60] 
 
In Fig. 53, it is separated the slope of three streams, each one with a different value of Cp. For 
constructing the diagram, the slope for every temperature interval is given by the sum of the specific 
heats of the streams taking part into the process. This is represented in Fig. 54 [60]. 
 
 
Fig. 54. Composite curve [60] 
 
So, after summing the values of specific heat the diagram takes the shape of Fig. 54. It is necessary to 
do a preliminary step before the diagram. In this one, it is performed a segmentation of all the streams 
intervening in the process and their temperatures. For understanding better this fact, a simple example 
of four streams (two cold and two hot) is given in Table 26. The first step is to set a ∆𝑇𝑚𝑖𝑛. It is chosen 
arbitrarily, but a common value for chemical processes like the ABE fermentation is about 10ºC. With 
this value, it can be obtained the “Shifted temperatures”. This is adding half the value of ∆𝑇𝑚𝑖𝑛 to the 
initial and final temperatures of all the streams if they are cold streams, and subtract this same value 
if they are hot streams [60]. 
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Table 26. Temperatures chart for the streams [60] 
 
Apart from the chart version, it is also common to use a diagram. Fig. 55 is a representation of the 
change in temperature of the streams [60]. 
 
 
Fig. 55. Segmentation of temperatures [60] 
 
Knowing the Cp of every stream, it is possible to know which intervals and slopes will present the 
shifted composite curve of the hot and cold streams, which is defined later, by summing in each 
interval the heat of the streams, taking positive sign when there is extra heat and negative sign when 
there is a need of heat. It is important to remark that ∆𝑇𝑚𝑖𝑛 is chosen arbitrarily, so in further 
optimization of the pinch analysis, this value might change for obtaining the best proportion between 
energy costs and capital costs (heat exchangers cost) [60]. 
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Table 27. Sum of heats in all the intervals [60] 
 
In Table 27 there is an approximation of the possible points where the pinch will be located. These 
ones are when the total sum of heat changes its sign. It is feasible to have more than one possible 
pinch point, because there can be found more than one change of sign of the heats in the process. 
When a pinch point is selected, the sum of all the heats above this point are the minimum heating duty 
and the sum of all the heats below this point are the minimum cooling duty. These are known as 
minimum utilities and they are the total amount of energy that is impossible to recover with other 
streams of the process, this is, they need to be taken from external sources of the process [60]. 
So, in Table 27, if it is chosen to fix the pinch at the shifted temperature of 85°C, the heating duty is 20 
kW (+60, +2,5, -82,5) and the cooling duty is 60 kW (+75, -15). Now it is necessary to divide the hot 
streams and the cold ones. For each group, it is plotted a line in the diagram, with the corresponding 
heats and temperatures, leading to the hot composite curve and the cold composite curve. The 
diagram is called “Hot and cold composite curves”. The starting point of the hot streams is fixed at 0 
kW and the starting point for the cold streams is the cooling duty calculated before, using Table 27. 
However, the cooling duty can be changed, which will lead to the move of the cold composite curve 
and consequently, the value of ∆𝑇𝑚𝑖𝑛. The location of this ∆𝑇𝑚𝑖𝑛 is called the pinch and it is the main 
important fact of the whole analysis. Hot and cold composite curve are displayed in Fig. 56 [60]. 
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Fig. 56. Hot and cold composite curves for the example [60] 
 
All of the pinch methodology goes around the two sections formed from the pinch: above the pinch 
and below the pinch. There are three golden rules for the design of the heat exchanger network [60]: 
• Do not transfer heat across the pinch 
 
• Do not use cold utilities above the pinch 
 
• Do not use hot utilities below the pinch 
 
In both regions, it is important to start designing the exchangers near the pinch. 
When designing above the pinch, since no cold utilities can be used, it is fundamental that all the hot 
streams need to be brought to pinch temperature by using the cold streams heat exchange. Another 
important rule is that, in the immediately zone above the pinch, the streams used for heat exchange 
must meet the criterion [60]: 
 
𝐶𝑝𝐻𝑂𝑇  ≤ 𝐶𝑝𝐶𝑂𝐿𝐷 
 
Once having checked all the possible combinations satisfying this rule, the recommendation is to 
maximise the heat load so as to completely satisfy one of the streams. This ensures to use the minimum 
number of heat exchangers. 
Below the pinch, the criterion that the streams must meet is [60]: 
 
𝐶𝑝𝐻𝑂𝑇  ≥ 𝐶𝑝𝐶𝑂𝐿𝐷 
 
 
91 
 
 
In this zone it is also important to maximise the exchanger loads. 
At the end, it is important to remark that the pinch (∆𝑇𝑚𝑖𝑛) has been chosen arbitrary, so it is possible 
to make a optimization of the temperatures of the process for reducing the total costs of the process, 
which will lead to a change in the pinch point. The two key factors here are the energy cost and the 
capital cost. For the first one, it is understood the cost of heating and cooling streams using external 
energy. For the second one, the cost of the machinery, which in this case are the heat exchangers. So, 
it is done a balance of the optimal combination of the cost paid for external energy and the cost of 
machinery. For example, if the cost of energy is much lower than the capital one (as it happened a few 
decades ago), the best option will be to use all the energy externally and to not include heat exchanger. 
As a contrary, if the energy cost is higher (which situation is closest on what is happening nowadays), 
it will be economically positive to try to recover as maximum as possible heat with the use of heat 
exchangers. The variables optimized are one temperature for each heat exchanger, so there are as 
many degrees of freedom as heat exchangers. When all the combinations of streams are chosen, it is 
possible to calculate the capital costs of the heat exchangers, since the problem has now zero degrees 
of freedom [60]. 
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5.2. Heat integration of the models 
 
Now that the principles and rules of the pinch analysis have been exposed, the obtained models are 
evaluated energetically to improve the overall energy demands of the processes. All the simulations in 
this section are performed with Aspen Energy Analyzer (v10.0, Aspen Technologies Inc.). 
 
5.2.1. Chen et. al., 2018  
 
First of all, it is introduced the changes for the first simulation of Chen (traditional fermenter) and later 
it is justified why these changes work for the other models. 
Chen traditional fermenter simulation presents streams with practically no possibility of heat recovery. 
In Fig. 57, which corresponds to this Chen model, the hot and cold composite curves show that the 
region of saving of energy is almost negligible compared to the total needs of heating and cooling. 
Table 28 summarizes temperatures and heat demand of the streams in this process. 
 
 
Fig. 57. Hot and cold composite curves for Chen traditional fermenter simulation with coolers 
 
 Hot streams (to be cooled) - Condensers Cold streams (to be heated) - Reboilers 
Column Tin (°C) 
Tout 
(°C) 
P 
(bar) 
Heat demand 
(Gcal/hr) 
Tin (°C) Tout (°C) P (bar) 
Heat 
demand 
(Gcal/hr) 
Beer 89,0 76,2 1 -0,121 102,2 102,3 1,1 0,919 
Acetone 55,9 55,8 1 -0,0986 96,2 97,8 1,345 0,103 
Ethanol 77,9 77,2 1 -0,171 99,2 99,3 1,3 0,171 
Butanol 92,4 92,3 1 -0,0463 110,8 116,6 1,05 0,0694 
Water 95,4 92,3 1 -0,0103 100,9 101 1,05 0,0233 
Table 28. Energy demands for columns in Chen traditional fermenter simulation 
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By looking at Table 28, it is understood why it is impossible to recover energy in the hot and cold 
composite curves, because all the temperatures of the hot streams are lower than the temperatures 
of the cold streams. 
For preforming a better recovery of heat, there are some changes implemented in the model. One of 
them is to preheat the feed streams of some columns. There are three columns (beer column, water 
column and butanol columns) that are having the feed at a temperature considerably below the boiling 
point. These ones are beer column because the feed is at ambient conditions and water and butanol 
columns because the feed comes from the decanter, operating at 20°C. For having a better heat 
integration, a preheater unit is implemented before every column to obtain the feed at the boiling 
point of liquid phase. By doing this, the heat demands for the reboilers and condensers come closer, 
leading to more equality in total cooling and heating in the process. Also, in all the models now are 
included coolers for the output streams, to make the process more realistic because in real industry it 
is necessary to cool hot streams and also because they represent an important part in the energetic 
consumption of the whole process, adding more hot streams to be used for heating cold streams. So, 
all the output streams are now cooled to ambient temperature (25°C). The hot and cold composite 
curves for the Chen traditional fermenter with these mentioned changes is displayed in Fig. 58 and the 
heat demands and temperatures for the columns in Table 29. 
 
 
Fig. 58. Hot and cold composite curves for Chen traditional fermenter simulation with preheaters and coolers 
 
In Table 29, the decanter, coolers and pre-heaters do no present problems, since they have feasible 
temperatures and energy demands to be recovered. The columns, however, present a big drawback: 
the condensers (streams need to be cooled) present lower temperatures than their respective 
reboilers (streams need to be heated). So, they are impossible to match, according to the first 
thermodynamic principle. 
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 Hot streams (to be cooled) - Condensers Cold streams (to be heated) - Reboilers 
 Tin (°C) 
Tout 
(°C) 
P (bar) 
Heat 
demand 
(Gcal/hr) 
Tin (°C) 
Tout 
(°C) 
P (bar) 
Heat 
demand 
(Gcal/hr) 
Column         
Beer 88,9 76,2 1 -0,572 99,6 99,6 1 0,622 
Acetone 55,8 55,3 1 -0,0976 88,5 88,9 1 0,0998 
Ethanol 77,9 77,5 1 -0,172 92,3 92,8 1 0,172 
Butanol 92,3 92,3 1 -0,0463 110,0 115,3 1 0,0478 
Water 95,2 92,3 1 -0,0103 99,6 99,6 1 0,012 
Decanter 91,3 20,0 1 -0,0374 -- -- -- -- 
Coolers outstreams                 
Beer 99,6 25,0 1 -0,739 -- -- -- -- 
Acetone 55,8 25,0 1 -0,0012 -- -- -- -- 
Ethanol 77,5 25,0 1 -0,001 -- -- -- -- 
Butanol 115,3 25,0 1 -0,0104 -- -- -- -- 
Water 99,6 25,0 1 -0,0098 -- -- -- -- 
Preheat feed columns                 
Beer -- -- -- -- 25,0 95,3 1 0,719 
Butanol -- -- -- -- 20,0 92,3 1 0,0214 
Water -- -- -- -- 20,0 92,3 1 0,0111 
Table 29. Energy demands for Chen traditional fermenter simulation adapted to heat integration 
 
The main solution is to vary the pressure of some columns. This will mean a variation of the boiling 
point of the mixture and consequentially, the possibility to match some condensers and reboilers to 
exchange energy. The criteria used for these pressure changes takes into account the total amount of 
energy of each stream as well as its temperature at the current pressure. It is chosen to increase the 
pressure of beer column and to decrease the pressure of ethanol and water column. The reasons for 
these changes are that beer column presents the higher energy demand and all three columns do not 
present extreme temperatures difficult to cross with other streams. The results of this change are 
displayed in Fig. 59. 
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Fig. 59. Hot and cold composite curves for simulation 1.4 
 
In all calculated cases ∆𝑇𝑚𝑖𝑛 is set at 5°C, because for these simulations this is an achievable value. 
Values above it will be almost impossible to perform. The simulations are numbered because in this 
case identifying them with keywords will make the names very long. All of these simulations 
correspond to Chen traditional fermenter but with the specified changes of Table 30. 
 
  Pressures changed Preheater 
Simulation 1.1 No No 
Simulation 1.2 No Yes 
Simulation 1.3 Beer column 1,5 bar Yes 
Simulation 1.4 Beer column 2 bar Yes 
Simulation 1.5 
Beer column 2 bar 
Yes 
Ethanol column 0,5 bar 
Simulation 1.6 
Beer column 2 bar 
Yes Ethanol column 0,5 bar 
Water column 0,5 bar 
Simulation 1.7 
Beer column 2,2 bar 
Yes Ethanol column 0,5 bar 
Water column 0,5 bar 
Table 30. Numbering of the simulations for the study of Chen et. al., 2018 heat integration 
 
The used utilities for these calculations are displayed in Table 31. They are selected, among all the 
available ones in Aspen Energy Analyzer, according to the temperature level in the investigated 
process. For instance, air is used for streams that need to be cooled to 35ºC (because ∆𝑇𝑚𝑖𝑛 is 5ºC). 
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When a hot stream needs to be cooled to temperatures below 35ºC, it is used refrigerant 1, because 
it supposes higher economical costs. For the heating utilities is proceeded in the same way with low 
pressure (LP) steam and middle pressure (MP) steam. The costs of the utilities are not summarized 
because it is not calculated the cost for the simulations, only the saving of energy. 
 
  Function Initial temperature 
Heating/cooling 
value 
Air Cooler 30 °C 1 kJ/kg °C 
Refrigerant 1 Cooler -25 °C 4 kJ/kg °C 
LP steam Heater 125 °C 2196 kJ/kg 
MP steam Heater 175 °C 1981 kJ/kg 
Table 31. Utilities used in the simulations 
 
The results for these calculations are displayed in Table 32 and 33. Table 32 is referred to the 
information available in the hot and cold composite curves in the process. Table 33 is referred to the 
real heat exchangers network that has to be implemented for recovering heating and cooling. The 
columns “Total Heating” and “Total Cooling” represent the total amount of energy to invest in the 
process without heat integration. “Heating Utilities” and “Cooling Utilities” are the total amount of 
energy that cannot be recovered with heat exchangers using streams of the process. The column “Total 
area needed” is referred to the total amount of exchangers’ area including also the utilities. 
Moreover, the hot and cold composite curves of these simulations can be found in “Appendix III: 
Additional information of the heat integration”. The results are also summarized in Fig. 60. 
 
 Hot and cold composite curves 
  
Tot. Heating 
(kJ/h) 
Tot. Cooling 
(kJ/h) 
Heat. 
Utilities 
(kJ/h) 
Cool. 
Utilities 
(kJ/h) 
Saving 
heating 
Saving 
cooling 
Overall 
saving 
Sim 1.1 2,72E+07 -7,13E+06 6,89E+06 -6,85E+06 74,71% 3,98% 60,03% 
Sim 1.2 3,00E+07 -7,13E+06 4,08E+06 -4,04E+06 86,40% 43,40% 78,13% 
Sim 1.3 3,18E+07 -7,56E+06 2,84E+06 -2,80E+06 91,05% 62,94% 85,65% 
Sim 1.4 7,93E+06 -7,90E+06 2,74E+06 -2,71E+06 65,42% 65,74% 65,58% 
Sim 1.5 7,93E+06 -7,89E+06 2,74E+06 -2,71E+06 65,41% 65,73% 65,57% 
Sim 1.6 7,92E+06 -7,88E+06 2,74E+06 -2,71E+06 65,36% 65,68% 65,52% 
Table 32. Results for simulations 1.1-1.6 hot and cold composite curve 
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  Heat exchangers network 
  
Heating utilities 
(kJ/h) 
Cooling 
utilities 
(kJ/h) 
Saving 
heating 
Saving 
cooling 
∆𝑇𝑚𝑖𝑛  
Infeasible 
heat 
exchangers 
Number of 
heat 
exchangers 
Total area 
needed (m2) 
Sim 1.1 7,17E+06 -7,13E+06 73,67% 0,00% 5 0 19 787,4 
Sim 1.2 4,07E+06 -4,04E+06 86,40% 43,44% 5 2 24 433,3 
Sim 1.3 3,56E+06 -3,52E+06 88,78% 53,41% 5 3 27 548 
Sim 1.4 2,82E+06 -2,78E+06 64,43% 64,76% 5 2 25 305,5 
Sim 1.5 2,82E+06 -2,78E+06 64,42% 64,74% 5 2 28 366,9 
Sim 1.6 2,81E+06 -2,77E+06 64,51% 64,82% 5 1 23 375,5 
Table 33. Results for simulations 1.1-1.6 heat exchangers network 
 
The conclusion from this study is the beer column has the main effect among the results, because all 
3 last simulations with beer column operating at 2 bar have the lowest values of energy. Another main 
fact is the number of units and total area needed in the heat exchangers network, because they are an 
indicator of the capital cost of the process. In Fig. 60, Simulation 1.4 has the less area needed and it is 
also one of the models with less energy demand. These conditions are proved to be the most 
favourable for the overall heat integration of the process and they will be adopted for the 4 Chen 
simulations, since all of them present similar values of temperatures in the condensers and reboilers 
and close heat demands. Table 34 displays the pressures for the columns in Chen simulations. 
 
 
Fig. 60. Energy demands and areas for the study of Chen et. al., 2018 heat integration 
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Beer column Acetone column Ethanol column Butanol column Water column 
2 bar 1 bar 1 bar 1 bar 1 bar 
Table 34. Pressures for Chen simulations 
 
As long as the 4 simulations for Chen et. al., 2018 (with fermenter composition or ISPR, with recycle or 
without) present approximately the same temperature ranges and distribution of heat demands (apart 
from the difference in the beer column depending on the feed composition), the chosen methodology 
for Chen traditional fermenter model will be used to implement the heat integration in further 
simulations. The studied variations for this model are displayed in Table 30. 
 
All the simulations are heat integrated correctly following the settings. The results are displayed in 
Tables 35 and 36 and Fig. 61 and 62. The “Hot and cold composite curves” (Table 35) means the 
theoretical study of the process, only taking into consideration the information of the hot and cold 
composite curves. The “Heat exchangers network” (Table 36) are the real results can be achieved with 
a heat exchangers network. This network not only includes the heat exchangers used for recovering 
heat of streams in the process, but also the ones using utilities of Table 31. The hot and cold composite 
curves and the heat exchangers diagram are in “Appendix III: Additional information of the heat 
integration”. 
 
 Hot and cold composite curves 
 
Tot. Heating 
(MJ/kg) 
Tot. Cooling 
(MJ/kg) 
Heat. Utilities 
(MJ/kg) 
Cool. Utilities 
(MJ/kg) 
Saving 
heating 
Saving 
cooling 
Overall 
saving 
Chen trad. ferm. 52,90 52,64 18,29 18,03 65,42% 65,74% 65,58% 
Chen trad. ISPR 13,11 12,91 6,92 6,71 47,25% 48,01% 47,62% 
Chen recycle ferm. 40,80 41,79 10,48 11,47 74,31% 72,56% 73,43% 
Chen recycle ISPR 13,09 12,88 6,71 6,51 48,70% 49,47% 49,08% 
Table 35. Results for Chen simulations hot and cold composite curves 
 
  Heat exchangers network 
 
Heating 
utilities 
(MJ/kg) 
Cooling 
utilities 
(MJ/kg) 
Saving 
heating 
Saving 
cooling 
Overall 
saving 
∆𝑇𝑚𝑖𝑛 
Number 
of heat 
exchangers 
Total area 
needed (m2) 
Chen trad. ferm. 18,81 18,55 64,43% 64,76% 64,59% 5 25 305,5 
Chen trad. ISPR 7,11 6,82 45,80% 47,16% 46,47% 5 25 576,3 
Chen recycle ferm. 11,41 13,23 72,04% 68,33% 70,17% 5 20 200,7 
Chen recycle ISPR 6,92 6,77 47,10% 47,47% 47,28% 5 31 693,3 
Table 36. Results for Chen simulations heat exchangers network 
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Fig. 61. Results for Chen simulations heat integration 
 
 
Fig. 62. Heating and cooling utilities for heat exchangers network in Chen simulations 
 
The results for heat integrations are quite different for fermenter compositions and ISPR compositions, 
in the same way as it happened in section “4.3. Comparison of the simulated cases”. The main reason 
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simulations produce a larger amount of butanol, the energy demands referred to a basis of time, not 
kg of butanol obtained, are higher.  
The saved energy demand in all heat integration models represent good values, because as it is 
reported in Table 36, utilities represent a saving of between 46% and 70%, depending on the 
simulation. In almost all the cases it is possible to achieve with the heat exchangers networks closer 
values to the minimum external energy requirements. This can be checked by comparing the savings 
in Table 35 and Table 36. 
So, the main conclusions inferred from the results is the ISPR composition and the use of the recycle 
of ethanol in this model represent positive changes in terms of energy demands, because when 
comparing traditional and recycle energy demands, the second ones are lower. The model with lowest 
energy demand is corresponding to Chen traditional ISPR. Even if Chen recycle ISPR presents a lower 
value of energy demand, this one is less than 0,25 MJ/kg lower than Chen traditional ISPR and it 
requires more area (the difference is of 117 m2). Chen traditional ISPR presents best results compared 
to Chen recycle fermenter taking into account both energy demand and total area needed, when in 
Chen et. al., 2018 paper it is claimed that the recycle improves the energy demand of the traditional 
model. This is possible now, because these models have been changed twice (in sections “4.3. 
Comparison of the simulated cases” and “5.2. Heat integration of the models”) with respect of the 
original models, so they represent now a modified model, with different settings in the columns, for 
instance. 
 
5.2.2. Van Hecke et al., 2016  
 
The same integration steps described in section “5.2.1 Chen et. al., 2018” are also taken into 
consideration for the models based on Van Hecke et al., 2016. The numbering is again done without 
keywords, because it is difficult to describe briefly the simulations and follows the convention 
introduced in Table 30. In Table 37, the values of energy demand and temperatures for van Hecke 
traditional fermenter simulation are displayed. Calculated cases and settings are shown in Table 38. 
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 Hot streams (to be cooled) - Condensers Cold streams (to be heated) - Reboilers 
 
Tin 
(°C) 
Tout 
(°C) 
P 
(bar) 
Heat demand 
(Gcal/hr) 
Tin 
(°C) 
Tout 
(°C) 
P 
(bar) 
Heat demand 
(Gcal/hr) 
Column         
Beer 88,8 76,2 1 -0,582 99,6 99,6 1 0,633 
Solvents 62,4 58,9 1 -0,139 92,3 92,8 1 0,141 
Acetone 55,8 55,8 1 -0,122 74,2 76,7 1 0,122 
Butanol 92,3 92,3 1 -0,051 112,9 116,2 1 0,053 
Water 93,6 92,2 1 -0,006 99,6 99,6 1 0,008 
Decanter 92,2 50,7 1 -0,0171 -- -- -- -- 
Coolers 
outstreams                 
Beer 99,6 25 1 -0,739 -- -- -- -- 
Acetone 55,8 25 1 -0,001 -- -- -- -- 
Ethanol 76,7 25 1 -0,001 -- -- -- -- 
Butanol 116,2 25 1 -0,01 -- -- -- -- 
Water 99,6 25 1 -0,01 -- -- -- -- 
Preheat feed 
columns                 
Beer -- -- -- -- 25 95,3 1 0,719 
Butanol -- -- -- -- 20 92,3 1 0,012 
Water -- -- -- -- 20 92,3 1 0,006 
Table 37. Energy demands for van Hecke traditional fermenter simulation adapted to heat integration 
 
 
  Pressures changed Preheater 
Simulation 2.1 No No 
Simulation 2.2 No Yes 
Simulation 2.3 Beer column 1,5 bar Yes 
Simulation 2.4 Beer column 2 bar Yes 
Simulation 2.5 
Beer column 2 bar 
Solvents column 0,5 bar 
Yes 
Simulation 2.6 
Beer column 2 bar 
Acetone column 0,5 bar 
Yes 
Simulation 2.7 
Beer column 2 bar 
Butanol column 0,5 bar 
Yes 
Table 38. Numbering of the simulations for the study of van Hecke et al., 2016 heat integration 
 
The results for this study are displayed in Table 39 and 40, and they follow the same structure for Chen 
et. al., 2018. There are the hot and cold composite curves for these models in “Appendix III: Additional 
information of the heat integration”. 
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  Hot and cold composite curves 
 
Tot. Heating 
(kJ/h) 
Tot. Cooling 
(kJ/h) 
Heat. 
Utilities 
(kJ/h) 
Cool. 
Utilities 
(kJ/h) 
Saving 
heating 
Saving 
cooling 
Overall 
saving 
Sim 2.1 2,15E+07 -5,03E+06 4,54E+06 -4,47E+06 78,92% 11,03% 66,08% 
Sim 2.2 7,08E+06 -7,02E+06 3,52E+06 -3,46E+06 50,28% 50,70% 50,49% 
Sim 2.3 7,51E+06 -7,47E+06 2,84E+06 -2,80E+06 62,19% 62,54% 62,36% 
Sim 2.4 8,12E+06 -7,80E+06 2,77E+06 -2,73E+06 65,88% 65,03% 65,46% 
Sim 2.5 8,12E+06 -7,80E+06 2,77E+06 -2,73E+06 65,88% 65,03% 65,46% 
Sim 2.6 8,12E+06 -7,80E+06 2,77E+06 -2,73E+06 65,88% 65,03% 65,46% 
Sim 2.7 7,83E+06 -7,79E+06 2,57E+06 -2,52E+06 67,17% 67,55% 67,36% 
Table 39. Results for simulations 2.1-2.7 hot and cold composite curves 
 
 
  Heat exchangers network 
  
Heating utilities 
(kJ/h) 
Cooling 
utilities 
(kJ/h) 
Saving 
heating 
Saving 
cooling 
∆𝑇𝑚𝑖𝑛 
Number 
of heat 
exchangers 
Total area 
needed (m2) 
Sim 2.1 4,65E+06 -4,52E+06 78,42% 10,14% 5 22 344,6 
Sim 2.2 3,52E+06 -3,47E+06 50,33% 50,53% 5 24 319,6 
Sim 2.3 3,44E+06 -3,40E+06 54,13% 54,44% 5 23 284,9 
Sim 2.4 2,85E+06 -2,80E+06 64,94% 64,04% 5 23 313,5 
Sim 2.5 2,85E+06 -1,47E+07 64,93% -88,77% 5 -- -- 
Sim 2.6 3,39E+06 -1,84E+07 58,19% -135,71% 5 -- -- 
Sim 2.7 2,83E+06 -2,79E+06 63,79% 64,15% 5 22 330,5 
Table 40. Results for simulations 2.1-2.7 heat exchangers network 
 
Some important facts are observed in Table 40. Simulations 2.5 and 2.6 do not present a heat 
exchangers network, due to problems in the calculation. The calculated saving in cooling is negative, 
meaning that the calculated cooling utilities with the heat integration are larger than the total cooling 
of the base case. This is attributed to failures in Aspen Energy Analyzer calculations. For having an 
approximation, in Fig. 63 the heating and cooling utilities are taken from the hot and cold composite 
curves, which means the minimum total achievable. This is a correct estimation because in almost all 
the heat exchangers networks the savings are almost the same as the minimum required utilities. 
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Fig. 63. Energy demands for the study of van Hecke et al., 2016 heat integration 
 
Looking at the energy demands and area needed in Fig. 63, the best option to apply for the van Hecke 
simulations is Simulation 5.4, corresponding to the settings of Table 41. It has the lowest area among 
all the simulations presenting the same heating demands (simulations 2.4 to 2.7). 
 
Beer column Acetone column Ethanol column Butanol column Water column 
2 bar 1 bar 1 bar 1 bar 1 bar 
Table 41. Pressures for simulations 5 to 8 
 
Van Hecke simulations are performed with the settings of Table 41 and the results are displayed in 
Table 42 and 43. Again, the column “Hot and cold composite curves” is only the information available 
by the theoretical study and the column “Heat exchangers network” the feasible values by 
implementing a heat exchangers network. The hot and cold composite curves and the heat exchangers 
diagrams are in “Appendix III: Additional information of the heat integration”. 
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  Hot and cold composite curves 
 
Tot. Heating 
(MJ/kg) 
Tot. Cooling 
(MJ/kg) 
Heat. 
Utilities 
(MJ/kg) 
Cool. 
Utilities 
(MJ/kg) 
Saving 
heating 
Saving 
cooling 
Overall 
saving 
Van Hecke trad. ferm. 54,19 52,04 18,49 18,20 65,88% 65,03% 65,46% 
Van Hecke trad. ISPR 20,42 16,94 11,97 11,73 41,39% 30,77% 36,58% 
Van Hecke pervap. ferm. 34,41 35,86 17,00 18,45 50,60% 48,56% 49,56% 
Van Hecke pervap. ISPR 15,60 16,81 8,94 10,15 42,73% 39,61% 41,11% 
Table 42. Results for van Hecke simulations hot and cold composite curves 
 
  Heat exchangers network 
 
Heating 
utilities 
(MJ/kg) 
Cooling 
utilities 
(MJ/kg) 
Saving 
heating 
Saving 
cooling 
Overall 
saving 
∆𝑇𝑚𝑖𝑛  
Number 
of heat 
exchangers 
Total area 
needed (m2) 
Van Hecke trad. ferm. 19,00 18,71 64,94% 64,04% 64,50% 5 23 313,5 
Van Hecke trad. ISPR 11,99 11,81 41,27% 30,32% 36,31% 5 33 864,8 
Van Hecke pervap. ferm. 22,04 23,42 35,96% 34,69% 35,31% 5 22 251,7 
Van Hecke pervap. ISPR 10,53 13,62 32,53% 18,97% 25,50% 5 26 475 
Table 43. Results for van Hecke simulations heat exchangers network 
 
 
Fig. 64. Results for van Hecke simulations heat integration 
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Fig. 65. Heating and cooling utilities for heat exchangers network in van Hecke simulations 
 
Again, in van Hecke results, it happens the same with Chen results. The use of ISPR composition 
represents and improvement for external utilities but then more area is needed for the heat 
exchangers network. 
Van Hecke pervaporation ISPR presents the best results, because in terms of energy demand is quite 
close to van Hecke pervaporation fermenter but with a total area needed of only 475 m2. The 
difference in this simulation between heating and cooling demands is due to the pervaporation stream.  
 
5.2.3. Wukovits et. al., 2018 
 
In the case of Wukovits simulations, the pressure changes in the columns have been studied previously 
and they are directly accepted for the study of heat integration. These ones are displayed in Table 44 
and 45. 
 
Beer column Acetone column Ethanol column Butanol column Water column 
1,5 bar 0,7 bar 0,3 bar 1 bar 1 bar 
Table 44. Pressures for Wukovits A 
 
Beer column Solvents column Ethanol column Butanol column Water column 
1,5 bar 1 bar 0,7 bar 1 bar 1 bar 
Table 45. Pressures for Wukovits B 
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In this case, the coolers of all the output streams are included in the same way as the previous models. 
Wukovits A is completed successfully, but Wukovits B presents problems. There is all the information 
related to the hot and cold composite curves, but when calculating the heat exchangers network, the 
programme does a wrong calculation. It is calculated a total amount of cooling utilities higher than the 
claimed total cooling in the process without heat integration, which is impossible because this means 
that there is more cooling than the total needed. At the light of these facts, it is considered to take 
only the information related to the hot and cold composite curves in order to compare this simulation 
to the others with these reference values. The results are displayed in Table 46 and 47 and in Fig. 66 
and 67. 
 
  Hot and cold composite curves 
 
Tot. Heating 
(MJ/kg) 
Tot. 
Cooling 
(MJ/kg) 
Heat. Utilities 
(MJ/kg) 
Cool. Utilities 
(MJ/kg) 
Saving 
heating 
Saving 
cooling 
Overall 
saving 
Wukovits A 37,99 41,00 12,91 15,93 66,01% 61,15% 63,49% 
Wukovits B 17,11 19,35 11,65 13,89 31,92% 28,21% 29,95% 
Table 46. Results for Wukovits simulations hot and cold composite curves 
 
  Heat exchangers network 
 
Heating 
utilities 
(MJ/kg) 
Cooling 
utilities 
(MJ/kg) 
Saving 
heating 
Saving 
cooling 
Overall 
saving 
∆𝑇𝑚𝑖𝑛  
Number 
of heat 
exchangers 
Total area 
needed (m2) 
Wukovits A 12,95 15,96 65,92% 61,07% 63,40% 5 20 129,9 
Wukovits B -- -- -- -- -- -- -- -- 
Table 47. Results for Wukovits simulations heat exchangers network 
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Fig. 66. Results for Wukovits et. al., 2018 heat integration 
 
 
Fig. 67. Heating and cooling utilities for heat exchangers network in Wukovits et. al., 2018 
 
In this model, the cooling demands are higher because there is no preheating of the feed of the 
columns. The model is directly taken form the proposed one. Both of them are quite close and it is 
important to keep in mind that the displayed values of Wukovits B are from the hot and cold composite 
curves. 
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5.3. Comparison of the models 
 
The obtained results of all the heat integration simulations are displayed in Fig. 68 and 69. Fig. 68 
compares the results for the simulations using fermenter composition without any ISPR technique and 
Fig. 69 are the results for ISPR techniques compositions. 
 
 
Fig. 68. Results of heat integration for simulations with fermenter composition 
 
The lower models in terms of external energy requirements are Chen recycle fermenter, Wukovits A 
and B. Since Wukovits A and B obtain ethanol in a value of 60%wt, Chen simulation is the best one for 
fermenter composition. Moreover, as it can be checked in Fig. 68, the area needed of this simulation 
is a low one compared to other models. Wukovits B area is not displayed because, as it has been said 
in the previous section, Aspen Energy Analyzer could not find a solution for the heat exchangers 
network of this model. Another important point is that it is more important the heating than the 
cooling, since the second one can be usually done with water or air. Chen recycle fermenter presents 
the lowest heating requirements. 
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Fig. 69. Results of heat integration for simulations with ISPR composition 
 
Referring to ISPR compositions, Chen simulations are lower than van Hecke simulations in both heating 
and cooling. The best model for ISPR composition is Chen traditional, because this has a low value like 
Chen recycle but with less area needed. As it has been stated in previous sections, the use of ISPR 
techniques represent an improvement in terms of energy demand, but a larger area of the heat 
exchangers network. Comparing the values of Chen recycle fermenter and Chen traditional ISPR, the 
differences are 4,30 MJ/kg in heating and 6,41 MJ/kg for cooling. It is important to keep in mind that 
in these simulations, using ISPR techniques, the energy consumed in the pervaporation performed in 
the fermenter is not calculated. The best option between using or not ISPR techniques will be 
depending on its heat consumption. It is possible to take the reference value of 16,53 MJ/kg suggested 
in van Hecke et. al., 2016 [51], because the ISPR composition used for all the models is taken from this 
paper. However, it cannot be taken as a definitive value, because this one is only calculated for a 
specific scenario and these simulations are corresponding to Chen et. al., 2018, for instance. 
The results of Chen models are displayed in Table 48, comparing them with other values of literature. 
The models obtained are clearly better compared to Outram et. al., 2016 (60 MJ/kg) and Haigh et. al., 
2018 (58,2 MJ/kg), even if we keep in mind that these values include heating and cooling. Van der 
Merwe et. al., 2013 (38,8 MJ/kg) and van Hecke et. al., 2016 (34,7 MJ/kg) are considerably higher. Chen 
et. al., 2018 (15,2 MJ/kg) is the lowest value in literature, but the two models obtained with the heat 
integration, using or not ISPR techniques are better than this value (11,41 MJ/kg and 7,11 MJ/kg for 
fermenter and ISPR compositions, respectively). It is important to add that the literature values are 
without heat integration. 
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6. Summary and Conclusions 
 
ABE fermentation represents an important chemical process from different points of view. It has been 
historically the first process used for obtaining butanol and now is getting the main spot of interest 
again, for the increase of the petroleum price and also its future extinction. One of the key facts is the 
production of butanol. This is the most interesting product, because it is a very promising biofuel that 
in the future can become the most used one. Biofuels are the candidates to replace fossil fuels when 
these ones are over and they also have a positive impact for the environment, reducing the damages 
of global warming and climate change. Some of the advantages of butanol compared to other biofuels 
is the high energy content, almost the same value of gasoline, low corrosivity, low vapor pressure and 
it can be blended in any proportion with gasoline without damaging engines. Moreover, acetone and 
ethanol are also produced during the process and they are common chemical products with 
importance in the market. 
The challenges ABE fermentation has to overcome are the high cost of the substrate, the inhibition of 
bacteria and the energy demand of the process. The first one is solved by using agricultural wastes, so 
there is a recycle of components that no longer have a use. The second one is taking part in a number 
of recent studies, mainly about genetic engineering for making the Clostridia bacteria more resistant 
to higher solvents concentrations and, indeed, achieving larger concentrations of solvents. The third 
one is also being studied in literature, with an increasing number of papers investigating the 
advantages of ISPR techniques. These techniques are alternative separation methods (alternative 
compared with the traditional separation using distillation columns) that are directly applied in the 
fermenter, such as pervaporation, adsorption or gas stripping. In some papers they are claimed to 
provide benefits for the overall energy demand of the process. 
Among all the existing models for the downstream processing of ABE fermentation, there are different 
options in literature. In this thesis the involved distillation sequences are classified into three groups: 
based on boiling point, with a decanter at the beginning and with a decanter before every column. The 
most discussed sequence is based on boiling point. This means removing first water, as it is the most 
abundant component, and later the remaining components according to boiling points of the products. 
This is, first acetone, ethanol and finally, butanol. Butanol and water (the two components with highest 
boiling points) are separated in an azeotropic distillation taking advantage of the miscibility gap that 
they present in the VLE diagram. The group of sequences with a decanter at the beginning needs an 
ISPR technique performed on beforehand. Otherwise, the concentration of solvents is too low that the 
miscibility gap is no reached, and consequentially, there is only one phase formed. For taking 
advantage of a decanter at the beginning splitting an organic phase rich in butanol and an aqueous 
phase rich in water, the miscibility gap has to be reached. The last group, with a decanter before each 
column, is an innovative method where the aqueous phase of all the decanters is recirculated to the 
initial beer column, so this one plays the role of removing all the water of the process, separated in 
different columns. 
The models chosen to study in this thesis are corresponding to the group based on boiling point. The 
other two groups require a deep study of the LLE for all the components, while in the based on boiling 
point group the components in the decanter are mainly butanol and water. There are different 
subgroups in the distillation sequences based on boiling point, depending on the number of pure 
products aimed at the end. In this thesis there are two studied subgroups, one corresponding to the 
purification of all components (subgroup A) and the other also corresponding to the purification of all 
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the products except for ethanol (subgroup B). Since it is difficult to compare different models of 
distillation sequences from literature, due to different settings and targets, the simulations are 
performed with same settings (feed composition) and targets (products purities and recoveries). 
The chosen papers to study are corresponding to Chen et. al., 2018 (subgroup A), van Hecke et. al., 
2016 (subgroup B) and Wukovits et. al., 2018 (subgroups A and B). The main results obtained from the 
study of the process are summarized in the following lines. The beer column presents a considerably 
high energy demand when no ISPR technique is performed. In case an ISPR technique is performed, 
the heat demand of the beer column decreases significantly, but the remaining columns of the process 
present closer values of energy demand to the process without ISPR technique. In subgroup A, the 
ethanol column is the most important one for meeting the specifications of butanol, but also for the 
energy demand of the process. This one is responsible for the amount of ethanol going in the 
azeotropic distillation. Ethanol presents a lower boiling point than butanol and water. If this amount 
of ethanol going in the final azeotropic distillation is too high, the butanol purification will be either 
impossible to perform or energetically very expensive. In subgroup B, there is a similarity with this 
mentioned column, but in this case it is the solvents column which is critical for final purity of obtained 
butanol. The solvents column is responsible of the separation of acetone and ethanol in the distillate 
and water and butanol in the bottoms. It has to avoid larger amounts of ethanol going to the azeotropic 
distillation (for the same reasons explained before in the ethanol column). This can be partially solved 
with the increase of the distillate rate. However, when doing this, the amount of water going in the 
distillate is higher. This amount of water will go out in the acetone column, reducing the feasible purity 
of acetone and ethanol. Another fact for performing a better separation is to work with higher reflux 
ratios, but this leads to higher energy demands. The results obtained with purification of all products 
go from 33,5 to 35,8 MJ/kg in case of fermenter compositions and from 12,8 to 14,7 MJ/kg in case of 
ISPR composition. They have been proved to be interesting models for performing the downstream of 
ABE fermentation, since the values obtained are considerably low compared to other models available 
in literature. 
In the simulated processes, the energy demands are further reduced by applying heat integration. At 
the starting point, the models present some problems for performing a correct heat integration: the 
heating and cooling demands in the hot and cold composite curves show an almost negligible saving. 
The reason of this is the temperatures of the condensers and the reboilers. Since in a column the 
temperature profile increases while going down, all the reboilers needing to be heated present higher 
temperature than the condensers needing to be cooled. These streams cannot be matched for 
recovering energy according to the first principle of thermodynamics. The modification of the 
pressures is one of the key steps to improve the available matching combinations between cold and 
hot streams and, consequentially, to have more scenarios of heat exchangers networks to evaluate. 
When introducing this change, not only the hot and cold composite curves present considerable 
potential for the savings, but also the minimum utilities are almost always achieved when performing 
a heat exchangers network. Finally, the best obtained model presents a value of 11,41 MJ/kg for 
fermenter composition and a value of 7,11 for ISPR composition including the coolers to ambient 
temperature of all the output streams. 
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Appendix I: Chemical properties and information of the products 
 
Acetone 
 
Propan-2-one (commonly known as acetone) is a colorless, volatile, flammable organic solvent 
compounded by a chain of three carbon atoms and one ketone group. Its molecular weight is 58,08 
g/mol and it is found in liquid state in standard conditions. It is miscible in water but also in some non-
polar components such as benzene. This is possible due to its low polarity. The only group giving 
polarity to the chain is the ketone, but the presence of two methyl in both extremes make it also 
possible to dissolve in some non-polar solvents. The boiling point of 56,08 °C makes it an easily volatile 
substance, which can experiment significant evaporation losses in atmospheric conditions [61-63]. 
 
Chemical formula C3H6O 
Molar mass 58,08 g/mol 
Appearance Colorless 
Odor Sweetish 
Density 785 kg/m3 (20 °C) 
Melting point -94,9 °C 
Boiling point 56,08 °C 
Solubilty in water Miscible 
Viscosity 3,2·10-4 Pa·s (20 °C) 
Table 49. Properties of acetone [61, 62] 
 
Butanol 
 
1-butanol (or n-butanol) is a colorless, organic solvent compounded by a chain of four carbon atoms 
and one alcohol group in the first one. Its molecular weight is 74,12 g/mol and it is found in liquid state 
in standard conditions. Is partially miscible in water, so this means that depending of the composition 
in a butanol-water mixture it can be found either one or two phases. It has a higher boiling point than 
water, of 117,6 °C. The Vapour-Liquid Equilibrium diagram with water also presents a heterogeneous 
azeotrope [64].  
 
 
 
 
 
 
 
124 
 
Chemical formula C4H10O 
Molar mass 74,12 g/mol 
Appearance Colorless 
Odor Rancid, sweet 
Density 810 kg/m3 (20 °C) 
Melting point -89,8 °C 
Boiling point 117,6 °C 
Solubilty in water Partially miscible 
Viscosity 3,61·10-2 Pa·s (25 °C) 
Table 50. Properties of butanol [64] 
 
Ethanol 
 
Ethanol is a colorless, volatile, organic liquid compounded by a chain of two carbon atoms and one 
alcohol group. Its molecular weight is 46,07 g/mol and it is found in liquid state in standard conditions. 
The presence of a polar group makes it miscible in water. The boiling point is 78,2 °C, leading to easy 
evaporation losses in atmospheric conditions. One of the most important applications is found in the 
sanitary field, as a disinfectant [65]. 
 
Chemical formula C2H6O 
Molar mass 46,07 g/mol 
Appearance Colorless 
Odor Fragant 
Density 789 kg/m3 (20 °C) 
Melting point -114,1 °C 
Boiling point 78,2 °C 
Solubilty in water Miscible 
Viscosity 1,07·10-3 Pa·s (25 °C) 
Table 51. Properties of ethanol [65] 
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Appendix II: Additional information of the property method 
 
 
Fig. 70. VLLE diagram for butanol-water mixture using the same database VLE-IG [57, 58] 
 
 
Fig. 71. VLLE diagram for butanol-water mixture using the same property method NRTL [57, 58]  
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Appendix III: Additional information of the heat integration 
 
Fig. 72. Hot and cold composite curves for simulation 1.1 (left) and 1.2 (right) 
 
Fig. 73. Hot and cold composite curves for simulation 1.3 (left) and 1.4 (right) 
 
 
Fig. 74. Hot and cold composite curves for simulation 1.5 (left) and 1.6 (right) 
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Fig. 75. Hot and cold composite curves for Chen traditional fermenter simulation 
 
 
Fig. 76. Heat exchangers network diagram for Chen traditional fermenter simulation 
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Fig. 77. Hot and cold composite curves for Chen traditional ISPR simulation 
 
 
Fig. 78. Heat exchangers network diagram for Chen traditional ISPR simulation 
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Fig. 79. Hot and cold composite curves for Chen recycle fermenter simulation 
 
 
Fig. 80. Heat exchangers network diagram for Chen recycle fermenter simulation 
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Fig. 81. Hot and cold composite curves for Chen recycle ISPR simulation 
 
 
Fig. 82. Heat exchangers network diagram for Chen recycle ISPR simulation 
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Fig. 83. Hot and cold composite curves for simulation 2.1 (left) and 2.2 (right) 
 
 
 Fig. 84. Hot and cold composite curves for simulation 2.3 (left) and 2.4 (right) 
  
 
Fig. 85. Hot and cold composite curves for simulation 2.5 (left) and 2.6 (right) 
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Fig. 86. Hot and cold composite curves for simulation 2.7 
 
 
Fig. 87. Hot and cold composite curves for van Hecke traditional fermenter simulation 
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Fig. 88. Heat exchangers network diagram for van Hecke traditional fermenter simulation 
 
 
Fig. 89. Hot and cold composite curves for van Hecke traditional ISPR simulation 
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Fig. 90. Heat exchangers network diagram for van Hecke traditional ISPR simulation 
 
 
Fig. 91. Hot and cold composite curves for van Hecke pervaporation fermenter simulation 
 
 
135 
 
 
Fig. 92. Heat exchangers network diagram for van Hecke pervaporation fermenter simulation 
 
 
Fig. 93. Hot and cold composite curves for van Hecke pervaporation ISPR simulation 
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Fig. 94. Heat exchangers network diagram for van Hecke pervaporation ISPR simulation 
 
 
Fig. 95. Hot and cold composite curves for Wukovits A simulation 
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Fig. 96. Heat exchangers network diagram for Wukovits A simulation 
 
 
Fig. 97. Hot and cold composite curves for Wukovits B simulation 
 
 
 
